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Abstract 
 
Although early-branching non-eumetazoan animals (poriferans and ctenophores) possess 
a repertoire of transcription factors and other developmental genes similar to that of modern 
eumetazoans (cnidarians, placozoans and bilaterians), the nature and complexity of their 
regulatory capabilities still remain to be elucidated. It is, therefore, unclear if complex 
regulatory landscapes, which appear to underlie eumetazoan complexity and diversity, 
evolved earlier and were part of the genomic landscape of the very first crown animals. To 
this end, I undertake a systematic investigation of long non-coding RNAs (lncRNAs) and 
generate genome-wide maps of enhancer elements in the sponge Amphimedon 
queenslandica. As a sponge, Amphimedon has one of the least complex animal body plans 
and is an extant representative of one of the oldest animal phyletic lineages. Despite its 
morphological simplicity, I show that this sponge shares a conserved gene regulatory 
landscape with more morphologically-complex eumetazoans.  
 
Specifically, Amphimedon developmentally expresses an array of lncRNAs in similar 
manner to their eumetazoan counterparts. RNA-seq and CEL-seq analyses reveal that 
sponge lncRNA expression is restricted to specific developmental periods and correlates 
well with major developmental milestones – typical hallmarks of regulatory molecules. In situ 
hybridization analysis of a subset of Amphimedon lncRNAs reveals their expression is also 
restricted to specific cell-types and localized to distinct cellular domains. Subsets of sponge 
lncRNAs appear to constitute integral parts of evolutionarily conserved co-expression 
modules, which contain known developmental regulatory genes (e.g., TGF-b). Sponge 
intergenic lncRNAs can also be separated in two distinct populations of poly(A)+ transcripts 
based on the chromatin status at their transcription start sites, resembling those found in 
bilaterians. These results indicate that lncRNAs are an ancient feature of the metazoan 
regulatory system, suggesting that the last common ancestor of animals had much more 
complex non-coding RNA regulatory capacities than previously thought. These findings are 
also consistent with lncRNAs being important developmental regulators that operate in 
conserved developmental gene modules, despite their lack of apparent sequence 
conservation.  
 
 
  iii 
In addition, I collect an extensive ChIP-seq compendium of histone post-translational 
modifications (PTMs) in Amphimedon, and show that, despite its simple morphology, the 
combinatorial patterns of histone PTMs that are central to gene regulation in 
morphologically-complex bilaterians and cnidarians are present in this sponge. Based on 
these histone PTMs patterns, I identify enhancer elements and other chromatin-related 
regulatory features that can now be deemed to be unique to multicellular animals. Strikingly, 
Amphimedon enhancers appear to be enriched in the vicinity of developmental genes and 
in metazoan-specific microsyntenic units, suggesting that their genomic location is 
extremely ancient and places constraints on the evolution of surrounding genes.  
 
Collectively, this first in-depth analysis of gene regulation in a non-eumetazoan suggests 
that a major shift in genome regulatory complexity occurred along the metazoan stem, in 
concert with the evolution of the metazoan multicellular condition. These results are 
therefore consistent with complex gene regulation originating at least 700 million years ago, 
predating the last common ancestor of extant animals, and argue that quantitative rather 
than qualitative differences in regulatory mechanisms likely underlie the morphological and 
functional diversification of eumetazoans.  
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Chapter 1 – General introduction 
 
1.1 The non-coding genome and the evolution of metazoan multicellularity 
 
The acquisition of multicellularity by eukaryotes has long been considered one of the 
major transitions in the evolution of life on Earth (Maynard Smith and Szathmary, 1995). 
Multicellular life has evolved independently at least 25 times, in groups as diverse as 
animals, fungi, plants, slime molds and seaweeds (Knoll, 2011; Nguyen et al., 2017; Niklas 
and Newman, 2013). All most complex living multicellular species, such as plants and 
animals, are descended from a single-celled ancestor, and understanding how these 
ancestors became multicellular remains a major challenge in the field of evolutionary 
biology. This transition from a unicellular to a multicellular lifestyle must have involved the 
emergence of genomic regulatory capacities to allow for dynamic spatiotemporal and cell-
type specific gene expression. To a great extent, these capacities rely on the interplay 
between available transcription and other regulatory factors with each other, and with non-
coding regulatory DNA and RNA sequences (Davidson and Peter, 2015; Niklas, 2014).  
 
In animals, the evolution and diversification of protein-coding genes that regulate their 
formation and maintenance, namely transcription factors (TFs) and other signaling pathway 
components, have been a point of focus since the discovery over 30 years ago that deeply 
conserved developmental genes populate the genomes of most, if not all, bilaterians 
(vertebrates, insects, worms and their numerous allies) (Finnerty and Martindale, 1999; 
Finnerty et al., 2003; Levine and Tjian, 2003; McGinnis et al., 1984; Quiring et al., 1994; 
Rokas, 2008; Slack et al., 1993). Although many of these transcription factor and signaling 
gene families evolved after the divergence of metazoan and choanoflagellate lineages and, 
thus, are correlated with the evolution of metazoan multicellularity (e.g., (Degnan et al., 
2009; Larroux et al., 2008b; Richards and Degnan, 2009)), others have an older origin and 
are found in unicellular holozoans (de Mendoza et al., 2013; King, 2004; King et al., 2003; 
King et al., 2008; Richter and King, 2013; Sebé-Pedrós and de Mendoza, 2015; Sebé-
Pedrós et al., 2011; Sebé-Pedrós et al., 2010; Sebé-Pedrós et al., 2012).  
 
The striking conservation of transcription factor family repertoires in non-bilaterian 
metazoan lineages (cnidarians, placozoans, ctenophores and sponges) – and to a lesser 
extent diverse unicellular holozoan lineages (choanoflagellates, filastereans and 
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ichthyosporeans) – suggests that other regulatory features, including cis-regulatory DNA, 
non-coding RNAs (ncRNAs) and patterns of histone post-translational modifications (PTMs) 
(Davidson and Peter, 2015), were instrumental in the evolution of metazoan multicellularity 
and complexity.  
 
1.2 Evolution of the metazoan non-coding RNA landscape 
 
RNA performs a wide range of developmental and physiological roles beyond its 
cardinal function in the flow of genetic information (Crick, 1970). The discovery of 
heterogeneous nuclear RNA, retrotransposons and introns in the 1960s and 1970s provided 
the first hint that animal cells might contain extensive RNA-based regulatory networks 
(Berget et al., 1977; Britten and Davidson, 1969, 1971; Chow et al., 1977; Davidson et al., 
1977; Warner et al., 1966). The next milestone in metazoan RNA biology was the 
identification of small regulatory RNAs (lin-4 and let-7) (Lee et al., 1993; Reinhart et al., 
2000) as harbingers of the RNA interference pathway (Fire et al., 1998). Since then, the 
classes of small RNAs have expanded to include small interfering RNAs (siRNAs) that 
deplete RNA transcript levels, Piwi-interacting RNAs (piRNAs) involved in primarily germ 
cell differentiation and microRNAs (miRNAs) that regulate multiple steps in gene expression 
(Morris and Mattick, 2014). 
 
In the last decade, the application of next-generation sequencing (NGS) 
technologies, largely in bilaterian model species, has revealed that metazoan genomes 
encode thousands of long non-coding RNAs (lncRNAs) (Bertone et al., 2004; Cabili et al., 
2011; Carninci et al., 2005; Derrien et al., 2012; Djebali et al., 2012; Kapranov et al., 2007; 
Khalil et al., 2009; Okazaki and al., 2002; Ponting et al., 2009; Ravasi et al., 2006). More 
recently, circular RNA (circRNAs), transcribed and spliced from exons of coding and non-
coding genes, have also been discovered to be abundant in bilaterians (Barrett and 
Salzman, 2016; Chen, 2016; Salzman, 2016).  
 
The role of various RNAs can now be viewed through a modified version of Francis 
Crick's ‘central dogma’, in which the information that is passed from DNA to RNA can either 
be directly transformed into protein, or it may — as regulatory RNA — be involved in the 
regulation of other coding or non-coding genes (Wahlestedt, 2013). It, thus, appears that 
the sophisticated structural and informational capacity of RNA has continued to be 
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harnessed by evolution in a range of biological roles that interact with, but are distinct from, 
proteins and DNA, suggesting that evolutionary innovations and expansion of regulatory 
RNAs were likely fundamental to the genetic programming of metazoans.  
 
1.2.1 Animal RNA interference pathways   
 
Small RNA (sRNA) mediated post-transcriptional regulation, known as RNA 
interference (RNAi), emerged prior to the divergence of the eukaryotic supergroups (Cerutti 
and Casas-Mollano, 2006). Thought to have evolved as a system of immunity against 
parasitic exogenous RNAs (Obbard et al., 2009), RNAi pathways have been co-opted into 
numerous additional regulatory roles. In addition to the pan-eukaryotic exogenous siRNA 
and the endogenous siRNA pathways (Svoboda, 2014), most animals possess two 
additional RNAi pathways – miRNAs and piRNAs.   
 
Animal miRNAs are abundant 21-23 nucleotide (nt) RNAs that share features with 
miRNAs in plants (Voinnet, 2009), including the single-celled green algae Chlamydomonas 
reinhardtii (Molnar et al., 2007; Zhao et al., 2007) and the multicellular brown algae 
Ectocarpus siliculosus (Cock et al., 2010; Tarver et al., 2015; Tarver et al., 2012), as well as 
the social amoeba Dictyostelium discoideum (Avesson et al., 2012). However, the 
biogenesis and mode of action of bilaterian miRNAs differs from that of other eukaryotic 
miRNAs, leading to the widespread inference that metazoan miRNAs evolved independently 
and, thus, were uniquely instrumental in the evolution of animal multicellularity and 
complexity (Ivey and Srivastava, 2010; Kosik, 2010; Mattick, 2004; Peterson et al., 2009; 
Shenoy and Blelloch, 2014)  
 
The discovery and analysis of miRNAs in non-bilaterians and unicellular holozoans 
has yielded insights into the question of whether animal miRNAs have originated 
independently of other miRNA systems. miRNAs and key bilaterian miRNA biogenic 
enzymes (i.e., Drosha and Pasha) are present in sponges and cnidarians, but absent from 
placozoans (Pasha and miRNAs absent), ctenophores and the sister group to the Metazoa, 
the choanoflagellates, leading to the initial conclusion that this miRNA system was unique 
to animals but lost in some lineages (Grimson et al., 2008; Liew et al., 2014; Liew et al., 
2016; Maxwell et al., 2012; Moran et al., 2017; Moran et al., 2014; Moran et al., 2013; Moroz 
et al., 2014; Tarver et al., 2012; Wheeler et al., 2009).  
  4 
However, there are differences between bilaterian, cnidarian and sponge miRNAs. 
Sponge miRNAs have no primary sequence identity with bilaterian miRNAs. In addition, the 
predicted pre-miRNA hairpins of the sponge Amphimedon queenslandica are longer and 
structurally variable, and appear to be more similar to plant miRNAs than animal miRNAs 
(Grimson et al., 2008; Moran et al., 2017; Tarver et al., 2012). This variability has been 
suggested as evidence that Amphimedon miRNAs are unlikely to be produced through the 
conventional and conserved eumetazoan miRNA biogenesis pathway (Robinson et al., 
2013; Sperling et al., 2010; Tarver et al., 2015; Wheeler et al., 2009). 
 
Despite deep conservation of many miRNAs within the Bilateria, the cnidarian 
Nematostella vectensis has only one miRNA (miR-100) that can be considered homologous 
to a bilaterian miRNA (Grimson et al., 2008). While deadenylation and translational 
repression of Nematostella target mRNAs does occur as per bilaterian miRNAs (Mauri et 
al., 2016), target cleavage is also commonly employed (Moran et al., 2014). This siRNA-like 
silencing mechanism is also common to plant miRNAs and, thus, represents either an 
ancestral mode of action or a convergent innovation in cnidarians and plants (Moran et al., 
2017). Further complicating interpretations on the evolution of metazoan miRNAs is the 
presence of bona fide miRNAs and related biogenesis machinery (i.e., Drosha and Pasha) 
in the unicellular holozoan Sphaeroforma arctica (Brate et al., 2016). This recent discovery 
supports the metazoan miRNA system being more ancient than initially perceived. The 
differences in bilaterian, cnidarian and sponge miRNA systems, and the loss of miRNAs in 
ctenophores, placozoans and choanoflagellates, suggests that the canonical miRNA system 
present in bilaterians was not essential for the evolution of metazoan multicellularity. 
 
In bilaterians, piRNAs function in the silencing of transposons within the germline, but 
also have a role in directing DNA methylation of CpG islands in mammalian germlines 
(Aravin et al., 2008; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008), and guiding 
epigenetic modifications in C. elegans and Drosophila (Ashe et al., 2012; Klenov et al., 2011; 
Luteijn et al., 2012; Shirayama et al., 2012; Shpiz et al., 2011; Sienski et al., 2012; Wang 
and Elgin, 2011). piRNAs with a bilaterian-like ping-pong piRNA biogenesis signature [a bias 
for a 5’ uracil and an adenosine at position 10 (Brennecke et al., 2007; Czech and Hannon, 
2016; Gunawardane et al., 2007)] have been reported in cnidarians, sponges and 
ctenophores, but not in placozoans (Calcino, 2015; Grimson et al., 2008), suggesting the 
piRNA pathway was a regulatory feature of the last common ancestor of animals.  
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1.2.2 Animal long non-coding RNAs 
 
LncRNAs may be sense or antisense, intronic and intergenic with respect to protein-
coding genes (Morris and Mattick, 2014). Although they lack obvious protein-coding 
potential (Guttman et al., 2013; Housman and Ulitsky, 2016; Ingolia et al., 2014), lncRNAs 
are structurally similar to protein-coding mRNAs and are generally transcribed by RNA 
polymerase II from genomic loci with similar chromatin states to mRNAs (Guttman et al., 
2009). LncRNAs also have CpG islands, complex splicing patterns, 5’-terminal 
methylguanosine cap and poly(A) 3’-tails (Quinn and Chang, 2016); however, lncRNAs tend 
to be shorter, have fewer exons and appear to be expressed at relatively low levels in 
comparison to mRNAs. Exceptions to these trends exist, with some lncRNAs being up to 
100 kb (Lyle et al., 2000) and others being abundant in restricted subnuclear locations 
(Hutchinson et al., 2007). Unlike most protein-coding sequences, lncRNAs are rapidly 
evolving and exhibit poor primary sequence similarity between species; orthologous 
lncRNAs are difficult to identify (Ulitsky, 2016).  
 
 Metazoan lncRNAs appear to play a diversity of cellular and developmental roles. 
Several lncRNAs have been shown to act as decoys that titrate away miRNAs or regulatory 
proteins (Quinn and Chang, 2016). Other lncRNAs act as scaffolds to bring two or more 
proteins into a complex or in physical proximity (Engreitz et al., 2016b; Hacisuleyman et al., 
2014; Tsai et al., 2010). They can act as guides to recruit chromatin modifying enzymes and 
can be required for localization of ribonucleoprotein complexes to specific targets (Quinn 
and Chang, 2016; Rutenberg-Schoenberg et al., 2016). Most lncRNAs are also differentially 
expressed in a tissue- and developmental stage-specific manner, consistent with their 
expression being tightly regulated to a specific developmental or physiological context 
(Cabili et al., 2015; Cabili et al., 2011; Mercer et al., 2008; Pauli et al., 2012; Ponjavic et al., 
2009).  
 
The role of lncRNAs in the regulation of developmental gene activity has mostly been 
investigated in model bilaterian species. For instance, in Xenopus, a subset of lncRNAs are 
developmentally regulated and spatially localized in the gastrula stage embryo (Forouzmand 
et al., 2016; Necsulea et al., 2014; Tan et al., 2013). In zebrafish, many lncRNAs are 
expressed during embryogenesis (Pauli et al., 2012) and their developmental regulatory 
functions have been experimentally demonstrated (Ulitsky et al., 2011). In mice, many 
lncRNAs are essential for normal development and survival (Anderson et al., 2016; Goff et 
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al., 2015; Sauvageau et al., 2013). Developmentally expressed lncRNAs have also been 
identified in C. elegans (Nam and Bartel, 2012), Drosophila and other insects (Brown et al., 
2014; Chen et al., 2016a; Jayakodi et al., 2015; Jenkins et al., 2015; Quinn et al., 2016; Wu 
et al., 2016; Young et al., 2012), and echinoderms (Mu et al., 2016). In contrast, the 
systematic investigation of lncRNAs in non-bilaterian metazoans has been lagging behind 
(Fig. 1.1); thus, it is still unknown what role lncRNAs play in the evolution of metazoan 
regulatory complexity.  
 
 
Figure 1.1 Lack of lncRNA annotations in non-bilaterian metazoans.  
Despite a growing number of lncRNAs having been identified in bilaterian animals, the systematic 
investigation of lncRNAs in non-bilaterian metazoans has been missing and, thus, we lack an 
understanding of their origin and early evolution. Yellow background highlights the animal kingdom. 
 
1.2.3 Evolutionary conservation of metazoan lncRNAs 
 
Although our understanding of other classes of ncRNAs (e.g., miRNAs) has been 
improved by evolutionary comparisons (Bartel, 2009), the investigation of lncRNA roles in 
an evolutionary framework has been drastically limited by the inadequacy of standard 
sequence alignment algorithms to detect short conserved regions and by the lack of 
functional studies undertaken thus far. To date, only a handful of functionally homologous 
bilaterian lncRNAs have been identified and analyzed (Gong et al., 2015; Grant et al., 2012; 
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Heard et al., 1999; Migeon et al., 1999; Quinn et al., 2016; Ulitsky et al., 2011). These studies 
suggest that sequence conservation is not an essential requirement for lncRNA functionality 
(Pang et al., 2006).  
 
The lack of sequence similarity observed between lncRNAs across animal phyla 
indicates that lncRNA sequences evolve more rapidly than protein-coding sequences 
(Hezroni et al., 2015; Kapusta and Feschotte, 2014; Kutter et al., 2012; Pang et al., 2006; 
Ponting et al., 2009). These observations are consistent with negative selection acting on 
only short patches within lncRNAs (Washietl et al., 2014). Highly conserved elements within 
lncRNA sequences (micro-homologies), interspersed with longer and less conserved 
stretches of nucleotide sequences, have been reported (Chen et al., 2016b; Hezroni et al., 
2015; Ulitsky and Bartel, 2013), and include the miR-7 binding site in the lncRNA OIP5-
AS1/cyrano (Ulitsky et al., 2011), the PRC2-binding elements in the lncRNA Xist (Maenner 
et al., 2010) and short repeated sequences in the lncRNA Firre (Hacisuleyman et al., 2016).  
 
Other lncRNA features that appear to be conserved include syntenic relationships to 
neighboring genes (Amaral et al., 2016; Hezroni et al., 2015; Quinn et al., 2016), secondary 
structure (Hawkes et al., 2016; Lee et al., 2016; Novikova et al., 2012; Sanbonmatsu, 2016; 
Tichon et al., 2016), and specific expression patterns (Chodroff et al., 2010; Hezroni et al., 
2015; Washietl et al., 2014). The conservation of genomic position of hundreds of 
deuterostome (i.e., sea urchins and vertebrates) lncRNAs with no detectable sequence 
similarity (Hezroni et al., 2015) suggests that lncRNA sequences evolve rapidly yet are likely 
to be functionally conserved. 
 
While lncRNAs appear to be integral components of co-expressed developmental 
gene regulatory networks (Necsulea et al., 2014), it remains unclear if these non-coding 
genes are deeply conserved or independently-evolved. The generation of high-quality 
developmental transcriptomes in a variety of early-branching non-bilaterian metazoan phyla 
are needed to better examine the functional and evolutionary conservation of metazoan 
lncRNA genes.  
 
1.2.4 Origins of metazoan lncRNAs 
 
 While the evolutionary conservation of lncRNAs is still poorly understood, even less 
is known about their origin. Several non-mutually exclusive hypotheses have been proposed 
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for the emergence of lncRNAs (Ponting et al., 2009; Ulitsky, 2016). (1) A protein-coding 
gene may undergo mutations such as a frame shift that disrupts, totally or in part, its open 
reading frame while maintaining the expression of the RNA transcript (Ponting et al., 2009; 
Ulitsky, 2016). Three of the lncRNA loci in the eutherian X-inactivation centre – Xist, Jpx and 
Ftx – originated through this mechanism and were then retained across mammals (Duret et 
al., 2006; Romito and Rougeulle, 2011). (2) Following a chromosome's rearrangement, two 
untranscribed and previously well-separated sequence regions are juxtaposed and give rise 
to a multi-exon non-coding RNA (Ponting et al., 2009). (3) While whole-locus duplication 
appears to rarely contribute to the origination of new lncRNAs (Ulitsky, 2016), specific 
lncRNA pairs have likely evolved by this mechanism (e.g., the paralogous of the lncRNA 
TUNA (Ulitsky et al., 2011), and MALAT1 and NEAT1 (Stadler, 2010)). (4) Point mutations 
or transposable element (TEs) insertions that introduce U1 spliceosomal RNA binding sites 
can transform cryptic unspliced and non-poly(A) transcripts, derived from divergent 
transcription events, into stable RNAs. These can then acquire functions as lncRNAs (Gotea 
et al., 2013; Ulitsky, 2016; Wu and Sharp, 2013). (5) A TE containing a functional promoter 
(e.g., endogenous retrovirus (ERVs) (Kapusta et al., 2013)) is inserted into the genome and 
creates, in the first instance, a non-functional ncRNA sequence. If the locus contains or 
gains splicing and polyadenylation elements downstream of the new promoter, a new 
lncRNA could be formed (Ponting et al., 2009; Ulitsky, 2016). For instance, Xist, originated 
in the eutherian ancestor from a mixture of exons derived from a decayed protein-coding 
gene (see point 1 above) together with a variety of TEs progressively accumulated and 
“exonized” at its locus (Kapusta et al., 2013).  
  
TEs have fostered genetic innovation during vertebrate evolution (Cordaux and 
Batzer, 2009). High TE prevalence appear to be a common characteristic of vertebrate 
lncRNA repertoires that distinguish them from mRNAs and small RNAs, such as miRNAs 
above-described (see 1.2.1), which are typically TE-depleted (Kapusta et al., 2013; Kelley 
and Rinn, 2012). Through their capacity to move and spread in genomes in a lineage-
specific fashion, as well as their ability to introduce regulatory sequences upon 
chromosomal insertion, TEs represent a considerable force shaping the vertebrate lncRNA 
repertoire (Kapusta et al., 2013; Kelley and Rinn, 2012; Ulitsky, 2016). The apparent 
rareness of evolutionary conserved lncRNA genes could, therefore, be explained partly by 
the rapid turnover mediated by lineage-specific TEs, implying that the regulatory networks 
in which lncRNAs operate may be rapidly diverging between species.  
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1.3 Evolution of enhancer elements 
 
Long-range cis-regulatory elements, so-called distal enhancers, have been 
hypothesized to be one of the key contributing factors underlying the spatial and temporal 
coordination of cell specification and differentiation in animal development (Levine, 2010; 
Levine et al., 2014; Levine and Tjian, 2003; Peter and Davidson, 2011; Woolfe et al., 2005). 
With the advent of functional genomics assays based on next-generation sequencing 
(NGS), such as ChIP-seq (Robertson et al., 2007), DNase-seq (Boyle et al., 2008), and 
ATAC-seq (Buenrostro et al., 2013), genome-wide maps of distal enhancers have been 
predicted in a range of human cell lines (ENCODE Project Consortium, 2012; Heintzman et 
al., 2009; Heintzman et al., 2007; Kundaje et al., 2015; Rada-Iglesias et al., 2011) and 
bilaterian model species (Bogdanović et al., 2012; Bonn et al., 2012; Creyghton et al., 2010; 
Negre et al., 2011; Roy et al., 2010; Shen et al., 2012; Visel et al., 2009). Distal enhancers 
are rapidly evolving (Villar et al., 2015). In mammals, their origin often involves exaptation 
of ancestral DNA (Villar et al., 2015) or de novo emergence from neutral genomic 
background (proto-enhancers) (Emera et al., 2016). The finding of only a couple of 
conserved cis-regulatory elements, located in the vicinity of SOX21 and HMX3 genes, 
across eumetazoans (Maeso et al., 2013; Royo et al., 2011) underscores the dynamic 
nature of enhancer sequence evolution.  
 
Distal enhancers with the same combination of bilaterian histone H3 PTMs [histone 
H3 lysine 4 monomethylation (H3K4me1) and histone H3 lysine 27 acetylation (H3K27ac)] 
have been identified in the cnidarian Nematostella (Schwaiger et al., 2014; Technau and 
Schwaiger, 2015). These, along with the transcriptional cofactor p300 binding sites, were 
distributed relative to developmental regulatory genes as in bilaterians (Schwaiger et al., 
2014; Technau and Schwaiger, 2015). In contrast, the unicellular filasterean Capsaspora 
owczarzaki lacks metazoan developmental promoter types I and III (Lenhard et al., 2012) 
and distal enhancers, despite possessing many of the core TF-TF regulatory interactions 
found in metazoans (Sebé-Pedrós et al., 2016). The regulatory genome of Capsaspora 
appears, therefore, to be more similar to yeast (Bulger and Groudine, 2011), and suggests 
that distal enhancers are likely to have evolved later on the stem leading to the crown 
metazoans (Fig. 1.2).  
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A full understanding of how and when enhancers first evolved will require analyses 
of early-branching non-bilaterian metazoan phyla, such as sponges (Fig. 1.2), and other 
close relatives of metazoans, such as choanoflagellates, in which gene regulation has not 
yet been comprehensively studied. 
 
 
Figure 1.2 Evolution of distal enhancer regulation.  
Recent analyses (Schwaiger et al., 2014; Sebé-Pedrós et al., 2016) of non-coding regulatory DNA 
and histone PTMs have revealed that some cis-regulatory mechanisms, such as those associated with 
proximal promoters, are present in non-metazoan holozoans while others appear to be eumetazoan, 
metazoan or choanozoan (metazoan + choanoflagellate) innovations, most notably distal enhancers. 
Shown is a schematic representation of the presence or absence of the typical chromatin signatures 
associated with eumetazoan (cnidarians + bilaterians) enhancers [the transcriptional cofactor p300, 
histone 3 lysine 4 monomethylation (H3K4me1), histone 3 lysine 27 acetylation (H3K27ac), and 
ATAC site]. Adapted from (Sebé-Pedrós et al., 2016). 
 
1.4 Other non-coding genome functions – a brief overview 
 
In addition to the analysis of non-coding RNAs and cis-regulatory elements during 
metazoan evolution, several studies have investigated the origins and evolution of other 
non-coding functions of the metazoan genome, including DNA methylation, RNA editing, 
and three-dimensional (3D) genome architecture.   
 
5-methylcytosine DNA methylation (5-mC) is one of the fundamental epigenetic 
mechanisms that offers a stable and heritable, yet reversible, mode of transcriptional 
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regulation (Klose and Bird, 2006). The establishment and maintenance of 5-mC patterns 
resulting in modulation of gene expression is one of the key steps in epigenetic regulation 
during normal development programs and other metazoan physiological processes 
(Kundaje et al., 2015; Lister et al., 2009; Meissner et al., 2008; Xie et al., 2013; Ziller et al., 
2013). Nonetheless, 5-mC is not always essential to metazoan gene regulation, as its 
absence in dipteran insects or C. elegans exemplifies (Bird et al., 1995), illustrating that 
transcriptional changes during development do not necessarily require 5-mC to occur (Feng 
et al., 2010; Zemach et al., 2010). Despite a wealth of knowledge on the dynamic changes 
of 5-mC throughout vertebrate development [e.g., (Mendizabal et al., 2016)], including 
complex developmental transitions at enhancers (Bogdanovic et al., 2016), there is still a 
lack of understanding of when these specialized roles for DNA methylation first emerged 
during metazoan evolution. Current models suggest that invertebrates possess overall lower 
levels of DNA methylation, with sparse 5-mC patterns across the genome, located mainly in 
gene bodies and absent in intergenic and regulatory regions (Schubeler, 2015; Zemach et 
al., 2010). Despite recent findings of 5-mC in ctenophores (Dabe et al., 2015), the early 
evolution and dynamics of DNA methylation in early-branching non-bilaterian metazoans 
still largely remain to be elucidated. 
 
 RNA is subject to a great deal of context-dependent post-transcriptional modification 
characterized by the insertion, deletion, or modification of nucleotides (Gott and Emeson, 
2000). One of the most prevalent forms of RNA editing is mediated by the ADAR (adenosine 
deaminase acting on RNA) class of editing molecules, that work to deaminate adenosine 
residues into inosines (A-to-I editing) in double-stranded RNA substrates (Bass and 
Weintraub, 1988). While ADAR family members exist in bilaterians and cnidarians (Jin et 
al., 2009; Keegan et al., 2011), and were recently identified in ctenophores (Moroz et al., 
2014) and sponges (Grice and Degnan, 2015), they appear to be missing from non-
metazoan eukaryotes (Jin et al., 2009; Keegan et al., 2011). The ADAR family appears, 
therefore, to be a metazoan innovation, with all family members in place in the earliest 
phyletic branches of the crown Metazoa (Grice and Degnan, 2015), consistent with A-to-I 
editing being a post-transcriptional regulatory mechanism that was used by the last common 
ancestor of metazoans. Recently, A-to-I RNA editing was found to occur in filamentous 
ascomycetes, involving adenosine deamination mechanisms distinct from metazoan 
ADARs (Liu et al., 2016a).  
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 The last few years have also witnessed remarkable progress in the investigation of 
3D organization of the metazoan genome and its impact on gene expression (e.g., (Dixon 
et al., 2012; Nora et al., 2012; Sexton and Cavalli, 2013; Sexton et al., 2012)). Regulatory 
information is precisely organized in the 3D chromatin and further compartmentalized into 
smaller topologically associated domains (TADs), bringing pairs of genomic sites that lie far 
apart along the linear genome into proximity, thus favouring contacts between regulatory 
elements and target genes (Denker and de Laat, 2016). For instance, genes controlling 
embryonic development are found to be regulated by sets of remote cis-acting elements 
heavily interacting with each other and with gene promoters within TADs (Denker and de 
Laat, 2016). Crucially for correct gene expression, DNA folding and regulatory activity within 
one TAD is also separated from neighboring TADs by boundary elements, like the CCCTC-
binding factor (CTCF) (Phillips-Cremins et al., 2013); however, how and when such 
functional interactions evolved remain unknown. Recent efforts, largely in bilaterian model 
species, have been made to tackle these questions, by reconstructing how TADs arose 
during metazoan evolution (Acemel et al., 2016; Dixon et al., 2012; Guerreiro et al., 2016; 
Woltering et al., 2014) and revealing that specific orientations of CTCF-binding sites at TAD 
boundaries are evolutionary conserved in vertebrates and deuterostomes (Gómez-Marín et 
al., 2015; Vietri Rudan et al., 2015). The 3D genome architecture of non-bilaterian 
metazoans still remains to be elucidated.  
 
1.5 Combinatorial transcriptional regulation by the non-coding genome  
 
The different non-coding RNAs and DNAs can interact to modulate gene expression 
during bilaterian development (De Kumar and Krumlauf, 2016; Jens and Rajewsky, 2015; 
Thomson and Dinger, 2016), but these interactions are currently uncharted in non-
bilaterians.  
 
lncRNA genes act through a multiplicity of functional and molecular mechanisms. 
These can either be mediated by the lncRNA transcripts themselves, or involve higher-order 
chromatin structure, the recruitment of regulatory complexes through RNA–protein 
interactions that influence the expression of nearby genes, or a combination thereof. For 
instance, changes in the lncRNA Blustr transcription and splicing may affect its neighboring 
gene (Sfmbt2) expression in part by altering chromatin state and RNA polymerase 
occupancy at the Sfmbt2 promoter (Engreitz et al., 2016a). The lncRNA Xist interacts 
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physically with multiple regions of the X chromosome, enhancing the spread of the lncRNA, 
which then recruits repressor proteins that promote X inactivation (Engreitz et al., 2016b; 
Engreitz et al., 2013). The lncRNA Haunt contains potential cis-regulatory elements that 
induce neighboring HoxA genes, whereas the lncRNA transcript itself appears to repress 
HoxA expression (Yin et al., 2015). The lncRNA DDX11-AS1 interacts with and modulates 
the activity of the helicase DDX11 to regulate sister chromatid cohesion (Marchese et al., 
2016). The lncRNA-HIT functions as an epigenetic regulator during early limb development 
through its recruitment of p100/CBP complexes (Carlson et al., 2015). The inducible lncRNA 
DINO binds to and stabilizes the well-known tumor suppressor protein p53 amplifying DNA 
damage response (Schmitt et al., 2016). The lncRNA NORAD maintains genomic stability 
by sequestering PUMILIO proteins, which repress the stability and translation of mRNAs to 
which they bind (Lee et al., 2016; Tichon et al., 2016). 
 
 lncRNAs, circRNAs, and miRNAs might further synergize with each other to govern 
metazoan developmental processes. For instance, the lncRNA H19 and insulin-like growth 
factor 2 (IGF2) are two well-described and studied imprinted genes, that are expressed from 
maternal and paternal alleles, respectively (Bartolomei et al., 1991; Brannan et al., 1990; 
DeChiara et al., 1990). In humans, miR-675 is embedded in the lncRNA H19’s first exon. 
By controlling the release of miR-675, H19 suppresses cell proliferation in response to 
cellular stress during embryogenesis (Keniry et al., 2012). The process of small RNA 
regulation by lncRNA precursors also extends to snoRNAs (Yin et al., 2012) and piRNAs 
(Brennecke et al., 2007), and may well exist as a common checkpoint for small RNA 
production. lncRNAs have been also suggested to interfere with miRNA-mediated mRNA 
destabilization and, rather than competing for miRNA-binding sites within mRNAs, lncRNAs 
can compete for the miRNAs themselves (Jalali et al., 2013; Paraskevopoulou et al., 2013). 
This is illustrated by lncRNA PTENpg1 asRNA b that, by forming a duplex with the PTEN 
pseudogene (PTENpg1), acts as a decoy for PTEN-related miRNAs and, thus, prevents 
them from promoting the degradation of PTEN mRNA (Johnsson et al., 2013). lncRNA-RoR 
binds miRNAs resulting in the upregulation of principal transcription factors involved in 
embryonic stem cell maintenance and differentiation (Loewer et al., 2010; Wang et al., 
2013). A similar mechanism has been observed for circRNAs, where the circRNA CDR1as 
has two functions: (i) as a trans-regulator of CDR1 mRNA through a mechanism that is 
regulated by AGO2- and miR-671-mediated cleavage (Hansen et al., 2011); and (ii) as a 
miRNA sink for miR-7, thus regulating neural gene expression (Memczak et al., 2013).  
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The dynamic nature of lncRNAs, as well as the RNA plasticity in interacting with 
diverse molecules such as DNA, RNA and protein, renders lncRNA an ideal mediator to 
regulate local and sequence-specific DNA methylation (Bao et al., 2015; Chalei et al., 2014; 
Di Ruscio et al., 2013). An interesting example resides in the above-mentioned H19-IGF2 
locus. On the maternal chromosome, an unmethylated imprinting controlled region binds 
CTCF and forms an insulator that prevents access of the IGF2 promoter to downstream 
enhancers, which, in turn, allow the expression of the nearby lncRNA H19 promoter. 
Contrarily, on the paternal chromosome, DNA methylation of the same imprinting controlled 
region prevents binding of CTCF. This maintains the lncRNA H19 silenced, allowing the 
downstream enhancers to activate the IGF2 promoter (Barlow and Bartolomei, 2014; 
Gabory et al., 2010) 
 
The understanding of how and when such functional interactions evolved and 
whether they are deeply conserved features of the metazoan genome will require analyses 
of non-bilaterians, in which the interconnections between protein-coding genes, 
transcriptional co-regulators, chromatin modifying complexes, and the various types of 
regulatory DNA and RNA, have not yet been functionally investigated.  
 
1.6 Overarching research question and goal 
 
This study focuses on a fundamental question in evolutionary biology: what genomic 
innovations underlay the emergence of metazoan multicellularity?  
 
Metazoans rely on genomic regulatory systems to direct the dynamic spatiotemporal 
and cell-type specific gene expression that is essential for the development and 
maintenance of a multicellular lifestyle. Although it is widely appreciated that these systems 
ultimately evolved from genomic regulatory mechanisms present in single-celled stem 
metazoans, it remains unclear how this occurred.  
The overall goal of this study is to use genomics and transcriptomics to investigate 
the evolution of the non-coding portion of the metazoan regulatory genome, seeking to find 
evidence for its contribution to the evolution of the metazoan multicellular condition and body 
plan complexity, an avenue of inquiry that is increasingly feasible with the advent of 
accessible genome and NGS technologies.  
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1.7 The Amphimedon queenslandica model system 
 
Our ability to molecularly reconstruct the most recent common ancestor of metazoans 
is crucial to determine which features were instrumental in the evolution of metazoan 
multicellularity. The research I present across this thesis focuses on the demosponge 
Amphimedon queenslandica as a model system of key phylogenetic significance, for which 
genomic (Srivastava et al., 2010) and transcriptomic resources (Conaco et al., 2012; 
Fernandez-Valverde et al., 2015), together with established methods for generating RNA-
seq data from small amounts of starting material at the whole-organismal level (individual 
embryos, larvae and juveniles) as well as from single cells (Hashimshony et al., 2016; 
Hashimshony et al., 2012; Levin et al., 2016), are available. As a representative of one of 
the earliest-diverging metazoan phyletic lineages, traits shared between this sponge and 
eumetazoans could reflect shared inheritance from their last common ancestor. As such, 
this sponge represents the ideal model for examining the origin and evolution of the 
metazoan non-coding regulatory genome and its role in the transition to metazoan 
multicellularity.  
  
1.8 Specific aims and thesis synopsis 
 
As lncRNAs play a crucial role in regulating cell fate decisions, growth, and 
differentiation during bilaterian development (see 1.2.2-1.2.4), I hypothesized that 
understanding the early evolution of these master orchestrators would be key to retracing 
the origins of metazoan multicellularity and regulatory complexity. Thus, in Chapter 2, to 
address whether the commonalities shared between bilaterian lncRNAs originate early in 
metazoan evolution, and as such likely to be ancestral features of all metazoans, I integrate 
developmental RNA-seq data with computational approaches to systematically identify and 
characterise lncRNAs in Amphimedon. In Chapter 3, to provide further insights into whether 
these lncRNAs may be under similar developmental control to their bilaterian counterparts, 
I investigate the spatial expression patterns and examine the evolutionary conservation of a 
subset of Amphimedon lncRNAs previously identified in Chapter 2. Together, these two 
chapters highlight the role of lncRNA-based regulation in multicellular metazoan 
development, and crucially trace its ancient origin to the last common ancestor of all 
multicellular metazoans.  
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These results suggest that innovations in gene regulatory mechanisms, rather than 
the introduction of novel regulatory genes (i.e., lncRNAs and transcription factors), would 
have been instrumental in the emergence of metazoan multicellularity (e.g., enhancers (see 
1.3)). Hence, in Chapter 4, to help pinpoint how and when enhancers first evolved, I collect 
an extensive ChIP-seq compendium of histone PTMs in the above-describe sponge species 
and first show that key regulatory chromatin states, that are central to gene regulation in 
morphologically-complex bilaterians and cnidarians, are also present in Amphimedon. 
Based on these histone PTMs patterns, I then identify enhancers and other chromatin-
related regulatory features that can now be deemed to be unique to multicellular metazoans.  
 
Overall, this thesis provides the first in-depth analysis, to my knowledge, of gene 
regulation in a non-eumetazoan and shows that a complex gene regulatory landscape 
similar to that of morphologically-complex eumetazoans is likely to have evolved earlier than 
anticipated and in concert with the evolution of the metazoan multicellular condition. 
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Chapter 2 – Dynamic and widespread lncRNA expression in a sponge and the origin 
of animal complexity  
 
Abstract  
 
Long non-coding RNAs (lncRNAs) are important developmental regulators in bilaterian 
animals. A correlation has been claimed between the lncRNA repertoire expansion and 
morphological complexity in vertebrate evolution. However, this claim has not been tested 
by examining morphologically simple animals. Here, I undertake a systematic investigation 
of lncRNAs in the demosponge Amphimedon queenslandica, a morphologically-simple, 
early-branching non-bilaterian metazoan. I combine RNA-seq data across multiple 
developmental stages of Amphimedon with a filtering pipeline to conservatively predict 
2,935 lncRNAs. These include intronic overlapping lncRNAs, exonic antisense overlapping 
lncRNAs, long intergenic ncRNAs and precursors for small RNAs. Sponge lncRNAs are 
remarkably similar to their bilaterian counterparts in being relatively short with few exons 
and having low primary sequence conservation relative to protein-coding genes. As in 
bilaterians, a majority of sponge lncRNAs exhibit typical hallmarks of regulatory molecules, 
including high temporal specificity and dynamic developmental expression. Specific lncRNA 
expression profiles correlate tightly with conserved protein-coding genes likely involved in a 
range of developmental and physiological processes, such as the Wnt signaling pathway. 
Although the majority of Amphimedon lncRNAs appear to be taxonomically-restricted with 
no identifiable orthologues, I find a few cases of conservation between demosponges in 
lncRNAs that are antisense to coding sequences. Based on the high similarity in the 
structure, organisation and dynamic expression of sponge lncRNAs to their bilaterian 
counterparts, I propose that these non-coding RNAs are an ancient feature of the metazoan 
genome. These results are consistent with lncRNAs regulating the development of animals, 
regardless of their level of morphological complexity. 
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2.1 Introduction  
 
Bilaterian animal genomes (vertebrates, insects, worms, and their allies) encode a 
vast range of non-protein coding RNAs (ncRNAs) that differ in size and level of conservation 
(Amaral et al., 2008; Dinger et al., 2009; Eddy, 2001; Mattick, 2009b; Storz, 2002). ncRNAs 
are comprised of a raft of different small RNA (sRNA) types, including microRNAs (miRNAs), 
Piwi-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), small interfering RNAs 
(siRNAs), and long non-coding RNAs (lncRNAs) that have been implicated in transcriptional 
and post-transcriptional regulation of gene expression or in guiding DNA modification (Eddy, 
2001). Although many of these broad classes of ncRNAs can be found in other kingdoms of 
eukaryotes, including plants, it remains unclear if these are conserved features of the 
ancestral eukaryotic genome or if they evolved independently multiple times (Pang et al., 
2006; Ponting et al., 2009; Qu and Adelson, 2012). To understand the origin and evolution 
of metazoan ncRNAs, the genomes of early-branching non-bilaterian metazoan lineages 
need to be analysed for regulatory RNA content and function (Grimson et al., 2008; Moran 
et al., 2014; Moran et al., 2013; Moroz et al., 2014). 
 
 lncRNAs are a case in point. They have been characterised in only a limited number 
of model bilaterians (vertebrates, insects and worms), budding yeast and plants, where they 
have emerged as an important class of regulators of gene expression (Boerner and 
McGinnis, 2012; Brown et al., 2014; Cabili et al., 2011; Carninci et al., 2005; Cloutier et al., 
2013; Derrien et al., 2012; Geisler et al., 2012; Guttman et al., 2009; Li et al., 2014; Liu et 
al., 2012; Nam and Bartel, 2012; Pauli et al., 2012; Ravasi et al., 2006; Rinn and Chang, 
2012; Sauvageau et al., 2013; Ulitsky et al., 2011; Young et al., 2012; Zhang et al., 2014b; 
Zhou et al., 2014). lncRNAs are endogenous RNAs that resemble mRNAs in terms of CpG 
islands, complex splicing patterns, 5’ terminal methylguanosine cap and poly(A) 3’ tails 
(Quinn and Chang, 2016). However, they are not translated in a similar manner to mRNAs 
(Guttman et al., 2013; Housman and Ulitsky, 2016; Ingolia et al., 2014). Although some 
lncRNAs are transcribed by RNA polymerase III (Dieci et al., 2007; Kapranov et al., 2007) 
or produced by partial processing by the snoRNA machinery (Yin et al., 2012; Zhang et al., 
2014a), the majority of lncRNAs shows a clear signature of RNA polymerase II transcription, 
with the promoters marked by histone H3 lysine 4 trimethylation (H3K4me3) and the 
transcribed gene bodies marked by histone H3 lysine 36 trimethylation (H3K36me3) 
(Guttman et al., 2009; Khalil et al., 2009).  
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 Although most lncRNAs have not been functionally characterized, those that have 
been suggest lncRNAs are versatile molecules that can interact with DNA, other RNAs and 
proteins, either through nucleotide base pairing or via formation of structural domains 
generated by RNA folding (Poliseno et al., 2010; Rinn and Chang, 2012; Salmena et al., 
2011; Wang and Chang, 2011; Wilusz et al., 2009). As expected for regulatory molecules, 
lncRNAs display specific spatiotemporal expression patterns, high tissue specificity (Cabili 
et al., 2011; Djebali et al., 2012; Li et al., 2014; Necsulea et al., 2014; Pauli et al., 2012; 
Washietl et al., 2014) and can regulate expression of genes in close genomic proximity (cis-
acting) or at distance (trans-acting) (Mercer et al., 2009; Ponting et al., 2009; Rinn and 
Chang, 2012; Ulitsky and Bartel, 2013). Several lncRNAs have been shown to act as decoys 
that titrate away microRNAs or regulatory proteins such as transcription factors and 
chromatin modifiers (Wang and Chang, 2011). Other lncRNAs may act as scaffolds to bring 
two or more proteins into a complex or in physical proximity (Wang and Chang, 2011). An 
example of a scaffold lncRNA is HOTAIR, which can epigenetically silence gene expression 
at many sites across the human genome by recruitment of both the Polycomb Repressive 
Complex 2 (PRC2) and the Lysine (K)-specific demethylase 1A/RE1-silencing transcription 
factor/REST corepressor 1 (LSD1/REST/CoREST) repressive chromatin modifying 
complexes (Rinn et al., 2007; Tsai et al., 2010). Also, many lncRNAs act as guides to recruit 
chromatin-modifying enzymes and are individually required for proper localization of these 
ribonucleoprotein complexes to specific targets (Wang and Chang, 2011). 
 
 Although some lncRNAs are highly conserved within vertebrates (Chodroff et al., 
2010; Feng et al., 2006; Necsulea et al., 2014; Ulitsky et al., 2011; Washietl et al., 2014; 
Zhou et al., 2014), previous studies established that genomic sequence and gene structure 
conservation are rare at putative orthologous lncRNA loci, and that lncRNAs are subjected 
to rapid turnover during evolution (Guttman et al., 2009; Kapusta and Feschotte, 2014; 
Kelley and Rinn, 2012; Kutter et al., 2012; Mercer et al., 2009; Pang et al., 2006; Ponting et 
al., 2009; Quinn et al., 2016; Ulitsky and Bartel, 2013; Wang et al., 2004; Washietl et al., 
2014). Although conservation indicates functionality, lack of sequence conservation does 
not imply lack of function (Pang et al., 2006). Because of the flexible relationship between 
lncRNA primary sequence and function, lncRNA primary sequences may be more pliable to 
evolutionary pressures than protein-coding genes, as evidenced by the existence of many 
lineage-specific lncRNAs (Pang et al., 2006). However, the question of what fraction of 
lncRNAs act as functional transcripts remains controversial.  
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It has been proposed that there is a positive correlation between ncRNAs number 
and diversity, and developmental and cognitive complexity (Liu et al., 2013; Mattick, 2009a; 
Mattick and Makunin, 2006; Taft et al., 2007), and that lncRNAs have contributed to the 
evolution of complex metazoan features, in particular the mammalian brain (Mattick, 2011; 
Sauvageau et al., 2013). However, there currently is a paucity of comparative data from 
morphologically-simple, early-branching non-bilaterian metazoans (Moroz et al., 2014; Ryan 
et al., 2013; Srivastava et al., 2008; Srivastava et al., 2010). Here, I report the systematic 
identification and characterization of developmentally regulated lncRNAs in the marine 
demosponge Amphimedon queenslandica (Hooper and Van Soest, 2006). Amphimedon 
belongs to the phylum Porifera (Fig. 2.1A), an ancient phyletic lineage of morphologically 
simple animals that diverged from other metazoans at least 700 Ma, well before the 
Cambrian explosion (Erwin et al., 2011). I combine developmental RNA-seq data for 
Amphimedon with a stringent computational filtering pipeline to predict a high-confidence 
set of lncRNA transcripts. Notably, sponge lncRNAs are remarkably similar to their bilaterian 
counterparts, showing features typical of regulatory molecules, including dynamic and 
stage-specific developmental expression profiles. lncRNA features shared between 
bilaterians and a sponge are likely to have been present in their last common ancestor. This 
analysis, the first systematic identification of lncRNAs in an early-branching non-bilaterian 
metazoan, therefore suggests antiquity of complex metazoan genome regulation by 
lncRNAs, and I propose that lncRNAs may be essential regulatory elements that fulfil a wide 
range of functions in development, regardless of the level of morphological complexity.  
 
2.2 Methods  
 
2.2.1 Animal collection and sequencing 
 
Amphimedon queenslandica adults were collected from Heron Island Reef, Great 
Barrier Reef, Queensland, Australia, and larvae and juveniles were reared as previously 
described (Leys et al., 2008). Total RNA was isolated using the standard TRIzol (Invitrogen) 
protocol and genomic DNA removed by DNase treatment. The quality of the RNA was 
confirmed using the Agilent 2100 Bioanalyzer. Strand-specific libraries for both 100 bp 
paired-end and single-end sequencing were prepared and sequenced on the Illumina HiSeq 
2000 (Illumina, San Diego) (Appendix A: Table S2.1) (Fernandez-Valverde et al., 2015). 
2.2.2 De novo transcriptome assembly 
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Raw sequencing data was quality filtered using Trimmomatic (HEADCROP: 7, 
SLIDINGWINDOW: 4:15) (Bolger et al., 2014). Unpaired reads and reads smaller than 60 
nt were discarded. Quality-filtered paired-end reads were assembled de novo using Trinity 
(Haas et al., 2013a) (Appendix A: Table S2.1). Each developmental stage was assembled 
independently with default parameters, except for a lower transcript size of 200 nt 
(Fernandez-Valverde et al., 2015).  
 
2.2.3 Bioinformatics pipeline for the identification of lncRNAs 
 
For each of the four main developmental stages, classification of each transcript as 
either coding or non-coding was determined using a stringent step-wise filtering pipeline. 
First, all transcript candidates were subjected to BLASTp (Altschul et al., 1990) (both NCBI 
nr and Amphimedon-specific databases [dbs]), BLASTx (Altschul et al., 1990) (both NCBI 
nr and Amphimedon-specific dbs), HMMER (Finn et al., 2011) (both Pfam-A and Pfam-B), 
and SignalP (Petersen et al., 2011). For BLASTp, HMMER, and SignalP analyses, the 
transcripts were translated (stop-to-stop codon) using Getorf tool (Rice et al., 2000) and the 
longest unique open-reading frame (ORF) for each transcript was retained. Any transcript 
with an E-value lower than 1e-4 in any of the search algorithms was considered as protein-
coding (for SignalP I used D-cutoff: 0.45). To reduce the number of potential spurious 
transcripts found in the transcriptome assemblies, transcripts shorter than 300 nt were 
removed. Any remaining transcripts of uncertain coding potential were removed by applying 
a strict ORF size cut-off of 75 amino acids. lncRNAs were then mapped to Amphimedon 
genome assembly using BLAT (Kent, 2002) (parameters: fine, minIdentity =95). Next, 
lncRNAs were removed that had sense exonic overlap with annotated transfer RNAs, 
ribosomal RNAs, protein-coding gene 5’-UTRs plus 150 bp upstream and protein-coding 
gene 3’-UTRs plus 150 bp downstream, using overlapSelect. Cuffmerge (Trapnell et al., 
2010) was used to merge the lncRNA assemblies corresponding to each of the four 
developmental stages. lncRNA transcripts that had sense exonic overlap with a protein-
coding gene were removed. Only lncRNA transcripts with an overall expression of at least 
ten raw read counts across the whole developmental time course were retained. Finally, the 
coding potential calculator (CPC) (Kong et al., 2007) was used to evaluate the sensitivity of 
my discrimination pipeline. Only transcripts that were classified as ‘non-coding’ by CPC and 
did not show homology to any known proteins (E-value threshold of 1e-10) were finally 
classified as high-confidence Amphimedon lncRNAs.  
 
  22 
2.2.4 Classification of lncRNAs 
 
The high-confidence set of lncRNAs was subdivided into three main categories using 
overlapSelect: (1) intergenic lncRNAs that do not overlap with other genes; (2) intronic 
lncRNAs that overlap with a coding gene in either sense or antisense orientation but have 
no exon-exon overlap; and (3) exonic antisense lncRNAs that overlap with an exon of a 
protein-coding gene but are transcribed in the opposite direction.  
 
2.2.5 sRNA analysis 
 
sRNAs expressed at the same four developmental stages as lncRNAs were used 
(Calcino, 2015; Grimson et al., 2008). The number of sRNAs overlapping lncRNAs was 
counted using overlapSelect with a 95% threshold. Transcripts with at least ten uniquely 
mapped overlapping sRNAs were considered as potential sRNA-precursors. These 
potential sRNA-precursors were then classified according to A. queenslandica sRNA 
categories, that is, piRNAs (26-30 nt), endogenous small-interfering RNAs (endo-siRNAs) 
(20-22 nt), and unknown sRNA types (23-25 nt). 
 
2.2.6 Transposable element (TE) content analysis 
 
Detailed annotation of repeats in the A. queenslandica genome was generated using 
RepeatMasker (Smit et al., 1996-2010). The annotation was then parsed to exclude low 
complexity DNA sequences and non-TE repeats, and to retain only known and unknown 
classes of TEs. The percentage of transcripts with at least one exon overlapping with a TE 
was determined by intersecting the genomic coordinates of both known and unknown 
classes of TEs with genomic coordinates of lncRNA and protein-coding gene exons, 
respectively, using BEDTools v.2.17.0 (Quinlan and Hall, 2010). Coverage of TEs in the 
genome and the amount of overlap in base pairs that is observed between the lncRNA exons 
or protein-coding exons and the TEs was determined using BEDTools v.2.17.0 (Quinlan and 
Hall, 2010). For the genome, total nucleotide amount (100%) corresponds to nucleotide 
amount of assembly without gaps (145 Mb). For lncRNAs and protein-coding genes, total 
nucleotide amount of genomic projection of all exons is considered (1.21 Mb and 47.80 Mb, 
respectively). Only overlaps of minimum 10 bp were kept.  
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2.2.7 Differential gene expression analysis 
 
Quality-filtered reads from the 4 stranded paired-end libraries and the 12 stranded 
single-end libraries (three biological replicates per stage) were mapped to A. queenslandica 
genome (Srivastava et al., 2010) using TopHat2 (-i 30 –g 30 –p 8) (Kim et al., 2013). The 
counts of reads mapping to each protein-coding gene and the lncRNAs catalog were 
calculated using HTSeq (version 0.6.0) (Anders et al., 2015). These raw gene counts were 
analysed using DEseq2 1.4.1 (Love et al., 2014) and tested for differential expression, using 
a multi-factor design, at a 5% False Discovery Rate (FDR) (adjusted P-value for multiple 
testing using the Benjamini-Hochberg correction). 
 
2.2.8 CEL-seq data expression analysis 
 
CEL-seq reads were processed and mapped back to the A. queenslandica genome 
using Bowtie (Langmead et al., 2009). The 82 Amphimedon developmental samples, from 
early cleavage to adult, were then compressed into 17 stages averaging the biological 
replicates for each developmental stage across them. Larval stages have been combined 
in two different groups (Larvae 0-7 hours and Larvae 6-50 hours), as these developmental 
time points only have one replicate per time point. The mean and standard deviation were 
then calculated for each protein-coding gene and lncRNA in the CEL-seq dataset. Only 
lncRNAs (197) with an overall expression of at least 50 transcripts per million (tpm) in total 
across the developmental stages were retained. Only protein-coding genes (3,021) with an 
overall expression of at least 1,000 tpm in total across the developmental stages were 
retained. lncRNA and protein-coding gene expression levels were rescaled by row (Z-score) 
and clustered by hierarchical clustering. The fraction of lncRNAs in a window of 200 genes 
(both lncRNAs and protein-coding genes) was calculated. These profiles were then 
smoothed by computing the average over windows of 200 genes. Pearson’s correlation was 
used to correlate the expression level of lncRNAs with the protein-coding genes. All 
analyses were performed using MATLAB (MATLAB, 2012b). 
 
2.2.9 “Guilt-by-association” analysis 
 
CEL-seq reads were processed and mapped back to the A. queenslandica genome 
using Bowtie (Langmead et al., 2009). The 82 Amphimedon developmental samples, from 
early cleavage to adult, were then compressed into 17 stages as described above. To 
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reduce noise, the differentially expressed lncRNAs and protein-coding genes with an overall 
expression of less than 100 CEL-seq normalized counts throughout the whole 
developmental time course were discarded. Pearson’s correlation and a Fisher’s exact test 
were then used to correlate the expression level of each differentially expressed lncRNA 
with the protein-coding genes, using R (R Core Team, 2014). Only genes that showed more 
than 0.95 correlation (positive and negative) and a P-value <0.05 were considered to be co-
expressed. Only lncRNAs that were co-expressed with at least 10 protein-coding genes 
were used for the subsequent GO term enrichment analysis. Single GO term enrichments 
were then performed using fatiGO at a 5% FDR (Al-Shahrour et al., 2004) with custom 
annotation.  
 
2.2.10 Nearest neighbor analysis 
  
For each of the differentially expressed lncRNA the nearest protein-coding neighbor 
was identified using BEDTools v.2.17.0 (Quinlan and Hall, 2010). For antisense and intronic 
differentially expressed lncRNAs the overlapping protein-coding gene(s) were identified 
using BEDTools v.2.17.0 (Quinlan and Hall, 2010). The list of lncRNA/protein-coding gene 
pairs was tested for GO term enrichment using fatiGO (Al-Shahrour et al., 2004) at a 5% 
FDR with custom annotation. As described above, CEL-seq reads were processed and 
mapped back to the A. queenslandica genome using Bowtie (Langmead et al., 2009). To 
reduce noise, differentially expressed lncRNAs and protein-coding genes with an overall 
expression of less than 100 CEL-seq normalized counts throughout the whole 
developmental time course were discarded. Pearson’s correlation and a Fisher’s exact test 
were then used to correlate the expression level of each differentially expressed lncRNA 
with the nearest protein-coding neighbour, using R (R Core Team, 2014). Only genes that 
showed more than 0.95 correlation (positive and negative) and a P-value <0.05 were 
considered to be co-expressed. 
 
2.2.11 Sequence similarity analysis 
 
To assess the level of conservation of sponge lncRNAs, I searched each lncRNA 
against genome/transcriptome sequences of Drosophila melanogaster (BDGP R5/dm3), 
Caenorhabditis elegans (WS242), Nematostella vectensis (Nemve1), Trichoplax adhaerens 
(Triad1), Mnemiopsis leidyi (MGP portal; (Moreland et al., 2014; Ryan et al., 2013)), 
Pleurobrachia bachei (Moroz et al., 2014), Monosiga brevicollis (Monbr1), Saccharomyces 
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cerevisiae (sacCer3), Dictyostelium discoideum (dictybase.01), Arabidopsis thaliana 
(TAIR10), Zea mays (AGPv3), Crella elegans (Perez-Porro et al., 2013), Chondrilla nucula 
(Riesgo et al., 2014), Ircinia fasciculate (Riesgo et al., 2014), Petrosia ficiformis (Riesgo et 
al., 2014), Spongilla lacustris (Riesgo et al., 2014), Ephydatia muelleri (Hemmrich and 
Bosch, 2008), Microciona prolifera (Fernandez-Valverde SL, Degnan BM, et al., 
unpublished data), Pseudospongosorites suberitoides (Riesgo et al., 2014), Oscarella 
carmela (Hemmrich and Bosch, 2008), Corticium candelabrum (Riesgo et al., 2014) 
Aphrocallistes vastus (Riesgo et al., 2014) and Sycon coactum (Riesgo et al., 2014) using 
BLASTn (Altschul et al., 1990) with an E-value cut-off of 1e-6 and requiring a match 
coverage of at least 50 bases. 
 
2.2.12 Data access 
 
Amphimedon queenslandica genome assembly ampQue1 was used throughout the 
study. The transcriptome sequencing data has been submitted to NCBI’s Sequence Read 
Archive (SRA) under the Accession Number PRJNA255066. The replicated directional 
single-end RNA-seq dataset has been submitted to NCBI’s Sequence Read Archive (SRA) 
under the Accession Number SRP055403. All lncRNA sequences have been submitted to 
NCBI’s Transcriptome Shotgun Assembly (TSA). The TSA project has been deposited at 
DDBJ/EMBL/GenBank under the accession GBXN00000000. The version described in this 
paper is the first version, GBXN01000000 (see Appendix A: Table S2.3 for lists of contig 
accession numbers-to-contigIDs for all the lncRNA sequences deposited at 
DDBJ/EMBL/GenBank). CEL-seq datasets used can be obtained from NCBI GEO 
(GSE54364) (Anavy et al., 2014). The complete set of lncRNAs and protein-coding genes, 
along with the Trinity assembled transcriptomes, can be accessed and visualized at: 
http://amphimedon.qcloud.qcif.edu.au/lncRNAs/, last accessed March 7, 2017. The codes 
used for the gene co-expression analysis are available for download 
at: https://bitbucket.org/selene_fernandez/amphimedon-lncrnas, last accessed March 7, 
2017. 
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2.3 Results  
 
2.3.1 A comprehensive yet conservative catalog of 2,935 sponge lncRNAs 
 
To identify lncRNA transcripts expressed during sponge development, RNA-seq 
experiments were performed across four time points that span the pelagobenthic life cycle 
of Amphimedon queenslandica: (1) 0-1 hours after emergence of the swimming larvae from 
the brood chambers of the adult (precompetent larva); (2) 6-8 hours after emergence when 
larvae become competent to respond to environmental cues and initiate settlement and 
metamorphosis (competent larva); (3) 72 hours after settlement when a functional water-
filtering system is established (juvenile); and (4) adult (Fig. 2.1B) (Fernandez-Valverde et 
al., 2015). Approximately 84 million raw 100 bp paired-end sequence reads were obtained 
from poly(A) RNA from each of the four stages and about 78 million sequence reads per 
stage passed initial quality thresholds (Appendix A: Table S2.1). Transcripts expressed in 
each developmental stage were assembled in a genome-independent manner using the de 
novo assembler Trinity (Haas et al., 2013a). This approach performs well in genomes with 
high gene density such as in Amphimedon (Fernandez-Valverde et al., 2015; Srivastava et 
al., 2010). This resulted in a comprehensive de novo assembly of a total number of 443,650 
transcripts across the whole developmental time course, from precompetent larva to adult 
(Appendix A: Table S2.1).  
 
I developed a highly stringent filtering pipeline designed to remove transcripts with 
evidence for protein-coding potential based on current approaches (Boerner and McGinnis, 
2012; Kaushik et al., 2013; Li et al., 2014; Nam and Bartel, 2012; Pauli et al., 2012; Zhou et 
al., 2014). I used four core filtering criteria: (1) homology with known proteins and protein 
domains; (2) presence of signal peptides; (3) transcript length; and (4) ORF size (Fig. 2.1C 
and D). First, I removed transcripts with similarity to known proteins based on BLASTp and 
BLASTx (NCBI nr db) (Altschul et al., 1990). Second, I removed transcripts with similarity to 
Amphimedon-specific predicted peptides (local db) and subsequently to known protein 
domains and signal peptides based on HMMER (Finn et al., 2011) (Pfam domains) and 
SignalP (Petersen et al., 2011), respectively (Fig. 2.1D). 
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Figure 2.1 Identification of Amphimedon lncRNAs. 
(A) Animal phylogeny. The phylogenetic relationship of Porifera, Cnidaria, Bilateria, and the sister 
group to metazoans, Choanoflagellata, is shown here, along with the evolutionary origin of metazoan 
multicellularity. Monophyly of Porifera (sponges; in red) remains controversial, indicated by dashed 
line. (B) Schematic representation of the demosponge Amphimedon queenslandica life cycle. Larvae 
emerge from maternal brood chambers and then swim in the water column as precompetent larvae 
before they develop competence to settle and initiate metamorphosis. Upon settling, the larva adopts 
a flattened morphology as it metamorphoses into a juvenile, which displays the hallmarks of the adult 
body plan, including an aquiferous system with canals, choanocytes chambers and oscula (Leys and 
Degnan, 2002). This juvenile will grow and mature into a benthic adult. (C) Overview of the 
computational filtering pipeline used for the identification of sponge lncRNAs. See main text and 
Methods for details. Red boxes highlight the major filtering steps. Yellow box highlights the final 
number of transcripts that passed all filters and were considered high-confidence Amphimedon 
lncRNAs. (D) Details of the filtering pipeline used for the identification of putative lncRNAs in 
competent larvae. At each step, a blue arrow denotes the transcripts that passed the filter; a red arrow, 
those that did not pass the filter. Black bold numbers indicate the number of transcripts that passed 
the filter.  
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 These filters retained 15,400 ncRNAs in the precompetent larva, 21,220 ncRNAs in 
the competent larva, 12,926 ncRNAs in the juvenile, and 14,207 ncRNAs in the adult. I 
filtered these remaining transcripts based on their length, removing those shorter than 300 
nt, a stricter cut-off than the 200 nt commonly used to identify lncRNAs (Boerner and 
McGinnis, 2012; Cabili et al., 2011; Derrien et al., 2012; Orom et al., 2010; Young et al., 
2012; Zhou et al., 2014) (Fig. 2.1D). I subjected the residual putative lncRNAs to an ORF 
prediction and, subsequently, removed any remaining transcripts of uncertain protein-coding 
potential by applying a strict ORF size cut-off (Fig. 2.1D). The complete discrimination of a 
functional ORF from a non-functional one is challenging without experimentally assessing 
for the presence of predicted peptides. However, it is expected that a large, complete ORF 
is more likely to be translated into a protein (Boerner and McGinnis, 2012). To examine the 
effect of varying the ORF size cut-off, I analysed all putative lncRNAs longer than 300 nt in 
each developmental stage, selecting for specific ORF size cut-offs (50, 75, 100, 150, 200, 
250, 300, and >300 amino acids). When the ORF size selection is increased, the number of 
lncRNAs in each developmental stage that passes through selection gradually decreases, 
displaying a unimodal distribution centred on a median ORF size of approximately 50 amino 
acids (Appendix A: Fig. S2.1). Thus, to retain a significant level of strictness without losing 
an excessive number of potential lncRNAs, I selected an ORF size cut-off of 75 amino acids.  
 
 I then mapped the putative lncRNAs to Amphimedon genome (Srivastava et al., 
2010) using UCSC’s BLAT software (Kent, 2002), retaining only those that uniquely mapped 
to the genome with at least 95% identity (Fig. 2.1D). These mapped transcripts were filtered 
to remove those that overlapped on the same strand of annotated transfer RNAs (tRNAs), 
ribosomal RNAs (rRNAs), protein-coding gene 5’-UTRs plus 150 bp upstream, and protein-
coding gene 3’-UTRs plus 150 bp downstream (Fig. 2.1C and D). This approach retained 
2,596 lncRNAs in the precompetent larva, 2,644 lncRNAs in the competent larva, 1,702 
lncRNAs in the juvenile, and 1,964 lncRNAs in the adult. I then merged the putative lncRNAs 
from these four time points with Cuffmerge (Trapnell et al., 2010) and, to exclude peptide-
encoding transcripts resulting from potentially incomplete transcript structures, I removed 
any transcript that had a sense exonic overlap with a protein-coding gene. The resulting set 
contained 3,395 candidate lncRNAs (Fig. 2.1C). Finally, to reduce noise without losing low-
abundance transcripts, I retained lncRNAs with an overall expression of at least ten raw 
read counts in total across the developmental stages. This step retained a set of 2,942 
lncRNAs expressed in Amphimedon larvae, juveniles and adults (Fig. 2.1C). To corroborate 
my custom-filtering pipeline, I evaluated the coding potential of these sponge lncRNA 
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candidates using CPC software (Kong et al., 2007) (Fig. 2.1C), which assesses the quality, 
completeness, and sequence similarity of potential ORFs to proteins in the NCBI protein db. 
Only 7 of the 2,942 (0.2%) lncRNAs showed either homology to known proteins and/or 
protein domains or were defined as ‘coding’ by CPC, and were subsequently removed from 
the sponge lncRNAs repertoire (Appendix A: Table S2.2).  
 
Thus, with this comprehensive yet conservative pipeline I identified a final set of 2,935 
high-confidence lncRNAs expressed throughout Amphimedon queenslandica development 
(Fig. 2.1C) (Appendix A: Table S2.3). 
 
2.3.2 Sponge lncRNAs share many of the features of their bilaterian counterparts 
 
According to their genomic location, the 2,935 lncRNAs are further divided in 1,083 
long intergenic ncRNAs (lincRNAs) that do not overlap with any protein-coding genes, 1,469 
intronic lncRNAs, and 383 antisense exonic overlapping lncRNAs. Intronic lncRNAs are 
defined as lncRNAs that overlap with a coding gene in either sense or antisense orientation 
but have no exon-exon overlap (Fig. 2.2A). This categorization is consistent with previous 
studies in vertebrates (e.g., (Derrien et al., 2012; Pauli et al., 2012)). 
 
 One expected role of these sponge high-confidence lncRNAs would be to act as 
precursor molecules that are further processed into sRNAs (Birney et al., 2007; Wilusz et 
al., 2008). To identify putative sRNA-precursor lncRNAs, I compared the sponge lncRNAs 
catalog to datasets of sRNAs (Grimson et al., 2008) (Calcino AD, Degnan BM, et al., 
unpublished data) expressed at the same major life cycle transitions previously described. I 
identified 69 (2.4%) lncRNAs that appeared to be precursors for the production of piRNAs, 
endo-siRNAs or sRNAs of unknown categories (Appendix A: Table S2.4). This analysis 
indicates that the majority of sponge lncRNAs are not processed into sRNAs, consistent 
with previous findings in vertebrates (Pauli et al., 2012) and plants (Zhang et al., 2014b).  
 
From a reference catalog of transposable elements (TEs) in Amphimedon, which was 
established using RepeatMasker (Smit et al., 1996-2010), I determined the TE content of 
lncRNAs by calculating the percentage of lncRNA transcripts with at least one exon 
overlapping with a TE by at least 10 bp. I found that 46% of sponge lncRNAs (1,341 out of 
2,935) contain exonic sequences of at least partial TE origin, which is lower than protein-
coding genes (50%; 22,568 out of 44,719) (Fernandez-Valverde et al., 2015). Class II DNA 
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transposons, long interspersed elements (LINEs), and long terminal repeats (LTRs) were 
the three most abundant known repetitive elements to overlap with sponge lncRNA exons 
(Appendix A: Table S2.5 and S2.6). To determine the total coverage of TE-derived 
sequences in sponge lncRNA exons in comparison to protein-coding genes, I intersected 
the reference catalog of TEs in Amphimedon with the genomic coordinates of all lncRNA 
exons and protein-coding exons. This approach, which is similar to that employed for 
vertebrates (Kapusta et al., 2013), revealed that TE coverage in this sponge is considerably 
lower for lncRNA exons (22%; 0.27 Mb) than for protein-coding exons (31%; 14.93 Mb) and 
the whole genome (34%; 56.33 Mb). Thus, although little is known about repetitive elements 
in Amphimedon, these findings are consistent with transposable elements being more likely 
to contribute to the origin of protein-coding genes than sponge lncRNAs in Amphimedon.  
 
Figure 2.2 Classification and characterization of Amphimedon lncRNAs. 
(A) Number of lncRNAs in each of the three main classes defined by their genomic location relative 
to protein-coding genes. A schematic representation of lncRNAs (colour) position relative to protein-
coding genes (black) is shown at the bottom. lncRNAs with ‘antisense exonic overlap’ (red) have at 
least one exon that overlaps with an exon of a protein-coding gene on the opposite strand. ‘Intergenic’ 
lncRNAs (green) have no overlap with any protein-coding gene. lncRNAs with ‘intronic overlap’ 
(light blue) are defined as transcripts that have overlap with another protein-coding gene but no exon-
exon overlap (no overlap with exons of the overlapping genes). (B) Number of exons of Amphimedon 
lncRNAs in comparison to protein-coding genes. lncRNAs have fewer exons per transcript (median 
1; average 1.5) than protein-coding genes (median 2; average 4.9). (C) Length of Amphimedon 
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lncRNAs in comparison to protein-coding genes (mean length of 424 nt for lncRNAs vs. 1,118 nt for 
protein-coding genes) based on the current genome assembly.  
 
 To determine whether sponge lncRNAs have comparable features to their bilaterian 
counterparts, I analysed the primary structure of these lncRNAs, and their developmental 
expression profiles and sequence conservation (see below). I found that sponge lncRNAs 
were on average shorter (mean length of 424 nt for lncRNAs vs. 1,118 nt for protein-coding 
genes) and had fewer exons per transcript (median 1; average 1.5) than protein-coding 
genes (median 2; average 4.9) (Fig. 2.2B and C). These properties are in agreement with 
the finding that lncRNAs are generally shorter and have fewer exons than protein-coding 
genes as previously shown for both bilaterian and plant lncRNAs (Cabili et al., 2011; 
Guttman et al., 2010; Li et al., 2014; Nam and Bartel, 2012; Pauli et al., 2012; Young et al., 
2012; Zhang et al., 2014b; Zhou et al., 2014).  
 
2.3.3 Sponge lncRNAs are dynamically expressed during development  
 
To examine whether significant changes in the level of lncRNA expression occur 
during development, I combined triplicate 100 bp single-end directional RNA-seq datasets 
(Appendix A: Table S2.1) with the paired-end directional datasets across the main four 
developmental stages previously described (four biological replicates for each stage of 
development). This time-series of RNA-seq experiments allowed us to follow the expression 
dynamics of lncRNAs and protein-coding genes as development proceeds. The differential 
expression pattern of lncRNAs at the main developmental stage transitions was analysed 
using the Bioconductor package DESeq2 (Love et al., 2014).  
 
From this analysis, I identified 900 (30.7%) lncRNAs that exhibited significant 
changes in expression between any two successive developmental stages (P-adj <0.05) 
(Appendix A: Table S2.7-2.9). Precompetent and competent larval stages showed similar 
lncRNA transcription profiles, with only 169 differentially expressed lncRNAs detected 
between the two stages (Table 2.1; Fig. 2.3A). In contrast, a significant change in expression 
profile was evident at the pelagobenthic transition, when competent free-swimming larvae 
settled on the benthos and metamorphosed into the juvenile (Table 2.1; Fig. 2.3B). This 
pelagobenthic transition was accompanied by the differential expression of 538 lncRNAs (P-
adj <0.05), accounting for approximately 60% of all differentially expressed lncRNAs 
detected by this analysis. Maturation from the juvenile to adult was accompanied by the 
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differential expression of 396 lncRNAs (P-adj <0.05) (Table 2.1; Fig. 2.3C). A Venn diagram 
representing the proportion of differentially expressed lncRNAs detected at each of the main 
developmental stage transitions is shown in figure 2.3D. Together these results suggest that 
sponge lncRNAs are dynamically expressed during development. 
 
Table 2.1 Number of differentially expressed lncRNAs at each of the main Amphimedon 
developmental stage transitions (P-adj <0.05). 
 
Developmental stage transition Number of differentially expressed lncRNAs (%) 
Precompetent-Competent larva 169 (18.7%) 
Competent larva-Juvenile 538 (59.7%) 
Juvenile-Adult 396 (44%) 
 
 
2.3.4 Sponge lncRNAs are regulated independently of their neighboring coding genes 
 
Recent studies suggested that bilaterian lncRNAs are preferentially located next to 
protein-coding genes involved in development and transcriptional regulation (Cabili et al., 
2011; Dinger et al., 2008; Guttman et al., 2009; Orom et al., 2010; Ponjavic et al., 2009), 
raising the possibility that a relationship may exist between some lncRNAs and the 
regulation of gene transcription.  
 
I therefore analysed the Gene Ontology (GO) terms of protein-coding genes that are 
neighbors of or that overlap with the differentially expressed lncRNAs. These closest 
neighbors of the differentially expressed lncRNAs are enriched for GO terms associated 
with transcription factor activity, protein binding, and sequence-specific DNA binding 
(Fisher’s exact test, P-adj <0.05) (Appendix A: Table S2.10). However, the mere physical 
proximity of lncRNAs and genes with regulatory functions does not necessarily imply a 
functional relationship between the protein-coding gene and the lncRNA (Pauli et al., 2012). 
Indeed, previous studies in plants, worm, zebrafish, mouse and human lncRNAs established 
that the expression levels of lncRNAs are not more correlated to their protein-coding gene 
neighbors than expected for a pair of neighboring protein-coding gene loci (Cabili et al., 
2011; Guttman et al., 2011; Guttman and Rinn, 2012; Nam and Bartel, 2012; Pauli et al., 
2012; Ulitsky et al., 2011; Zhang et al., 2014b).  
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To assess whether this is the case for the sponge lncRNAs, I used CEL-seq data 
(Anavy et al., 2014; Hashimshony et al., 2012) comprising 82 Amphimedon developmental 
samples from early cleavage to adult compressed into 17 stages. In line with the previous 
studies, this analysis indicates that the developmental expression of Amphimedon lncRNAs 
generally are not correlated with neighboring or overlapping protein-coding genes, and thus 
appear not to be co-regulated or part of a common regulatory network. Importantly, this lack 
of correlation in expression is consistent with intronic lncRNAs in Amphimedon being 
independently regulated transcripts that are not the side-product of the pre-mRNA 
processing of overlapping protein-coding genes (Mercer et al., 2008; St Laurent et al., 2012).  
 
2.3.5 Sponge lncRNAs show temporally restricted expression patterns 
 
In bilaterians, lncRNAs tend to be expressed in a tissue- and stage-specific manner 
(Cabili et al., 2011; Nam and Bartel, 2012; Pauli et al., 2012; Ulitsky et al., 2011). To assess 
whether this is the case for the sponge lncRNAs, I interrogated CEL-seq data (Anavy et al., 
2014; Hashimshony et al., 2012) (see above) for developmentally restricted lncRNA 
expression. Highly expressed and dynamic lncRNAs (>50 tpm) were clustered with highly 
expressed protein-coding genes (>1,000 tpm) based on similarity of expression profiles. 197 
lncRNAs and 3,021 correlated protein-coding genes exhibited highly restricted temporal 
expression profiles (Fig. 2.4A). On average, 15 protein-coding genes correlated with a given 
lncRNA (lncRNA to protein-coding gene ratio of 0.065), although some clusters showed 
lncRNA to protein-coding gene ratio as high as 0.25. Although lncRNAs were detected 
throughout development and present in embryos, larvae, postlarvae, juveniles and adults, 
there were three stages that had a greater predominance of lncRNA transcripts (Fig. 2.4B). 
Early embryos (i.e., cleavage), where there is a strong maternal influence, displayed the 
greatest number of dynamically-expressed lncRNAs. A high diversity of transiently-
expressed lncRNAs also was present during the first 24 hours of metamorphosis, when the 
larval body plan is being resculpted into the juvenile/adult body plan. Finally, the number of 
expressed lncRNAs increased at the establishment of the juvenile body plan and in the 
adult. Pairwise comparison of the combined lncRNA and protein-coding gene sets confirms 
that the expression of these genes, in general, are tightly correlated and restricted to specific 
developmental periods (Fig. 2.4C). Together, these analyses indicate that lncRNAs have 
restricted developmental expression profiles that tightly match a subset of highly expressed 
protein-coding genes, consistent with these genes being co-regulated.  
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Figure 2.3 Developmental expression profiles of Amphimedon lncRNAs. 
(A) Expression profiles of the top 50 differentially expressed lncRNAs during the development from 
precompetent to competent larva (P-adj <0.05). (B) Expression profiles of the top 50 differentially 
expressed lncRNAs during the pelagobenthic transition from pelagic swimming competent larva to 
benthic juvenile (P-adj <0.05). (C) Expression profiles of the top 50 differentially expressed lncRNAs 
during maturation from juvenile to adult (P-adj <0.05). Expression levels were measured by RNA-
seq (four replicates per stage) and rescaled by row. Each row represents data for one lncRNA. 
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lncRNAs were clustered by hierarchical clustering. Pelagic stages include precompetent (P) and 
competent (C) larva; benthic stages include juvenile (J) and adult (A). Red indicates high expression 
level, light blue low expression (see Appendix A: Table S2.7-2.9 for the IDs of these differentially 
expressed lncRNAs). (D) Venn diagram representing the proportion of differentially expressed 
lncRNAs detected at each of the main developmental stage transitions; precompetent-competent larva 
(P-C), competent larva-juvenile (C-J), juvenile-adult (J-A).  
 
2.3.6 A “guilt-by-association” analysis suggests developmental regulatory functions for 
specific sponge lncRNAs 
 
Given the high number of correlated lncRNA and protein-coding gene developmental 
expression profiles, I employed the so-called “guilt-by-association” method to predict 
lncRNAs function. This method, which has been applied in several bilaterians (Cabili et al., 
2011; Dinger et al., 2008; Guttman et al., 2009; Pauli et al., 2012), assigns a putative 
function to a specific lncRNA based on the known functions of the co-expressed, and thus 
presumably co-regulated, protein-coding genes. Perturbation experiments are then 
essential to test the presumed function of specific lncRNAs.  
 
Here, I identified 17 differentially expressed lncRNAs that strongly correlated with the 
expression profiles of sets of protein-coding genes (Pearson’s correlation r2 >0.95; Fisher’s 
exact test, P-value <0.05) (Appendix A: Fig. S2.2). GO enrichment analysis (Al-Shahrour et 
al., 2004) of the co-expressed protein-coding genes revealed six Amphimedon lncRNAs that 
were co-expressed with protein-coding genes involved in key metazoan developmental 
processes, such as cell adhesion, morphogenesis and signal transduction. The latter also 
includes the G protein-coupled receptor (GPCR) Frizzled B [UniProt:I1G9T3_AMPQE], a 
key component of the Wnt signaling pathway (Adamska et al., 2007) (Fisher’s exact test, P-
adj <0.05) (Fig. 2.5A-D; for a complete list of enriched GO terms and corresponding protein-
coding genes, see Appendix A; Table S2.11; Appendix A: Fig. S2.3). These results suggest 
putative developmental regulatory functions for a subset of the sponge lncRNAs.  
 
 
 
 
 
  36 
 
Figure 2.4 Temporal expression patterns of Amphimedon lncRNAs and protein-coding genes. 
(A) Hierarchical clustering of lncRNA and protein-coding gene (rows) expression profiles across 
Amphimedon development (columns), from early cleavage to adult. Red indicates high expression 
level, blue low expression. Expression levels were measured by CEL-seq and rescaled by row (Z-
score). Only lncRNAs (197) with an overall expression of at least 50 tpm in total across the stages 
and only protein-coding genes (3,021) with an overall expression of at least 1,000 tpm in total across 
the stages were used. PS, post-settlement postlarva. (B) Fraction of lncRNAs in a window of 200 
genes (both lncRNAs and protein-coding genes), showing that lncRNAs are more popular in some 
clusters than in others. Red indicates high fraction of lncRNAs per window, blue low fraction. (C) 
Hierarchical clustering of expression correlations, for lncRNAs (197) with protein-coding genes 
(3,021). The average lncRNA to protein-coding gene ratio is 0.065. Red indicates positive Pearson’s 
correlation, blue negative Pearson’s correlation.  
 
2.3.7 Sponge lncRNAs exhibit low sequence conservation 
 
Although several conserved lncRNAs are known within vertebrates, lncRNAs 
generally have low levels of sequence conservation (Cabili et al., 2011; Chodroff et al., 2010; 
Guttman et al., 2009; Marques and Ponting, 2009; Necsulea et al., 2014; Ulitsky et al., 2011; 
Washietl et al., 2014). 
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Figure 2.5 Putative developmental regulatory functions for specific Amphimedon lncRNAs. 
Developmental expression profiles of four distinct co-expression groups, each of which includes one 
lncRNA and protein-coding genes involved in key metazoan physiological and developmental 
processes. Expression levels were measured by CEL-seq and rescaled by row. Red indicates high 
expression level, light blue low expression. Rows corresponding to protein-coding genes with an 
enriched GO term (Fisher’s exact test, P-adj <0.05) are shown on the right. For a complete list of 
enriched GO terms and relative protein-coding genes, see Appendix A; Table S2.11. lncRNAs are 
shown in blue. (A) TCONS_00001237 is co-expressed with ion channels and genes enriched for 
calcium-transporting ATPase activity. In line with this lncRNA expression pattern, ion channels are 
highly expressed right before settlement and calcium signalling is a gene functional group up-
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regulated during metamorphosis (Conaco et al., 2012). (B) TCONS_00001338 is expressed late in 
development and is co-expressed with protein-coding genes enriched for scavenger receptor activity, 
carbohydrate metabolic processes and hydrolase activity. Consistent with this, an increase in the 
expression of scavenger receptors, multiple sulfatases and polysaccharide binding molecules is 
observed in the adult transcriptome (Conaco et al., 2012). (C) TCONS_00003141 is precisely 
activated 6-7 hours after settlement and is co-expressed with protein-coding genes involved in key 
intercellular signalling pathways that might regulate morphogenetic events during metamorphosis, 
including the GPCR Frizzled-B [UniProt:I1G9T3_AMPQE], a key component of the Wnt signaling 
pathway. Extensive cellular transdifferentiation, proliferation and rearrangement are observed during 
this stage of metamorphosis (Nakanishi et al., 2014). (D) TCONS_00003502 is co-expressed with 
protein-coding genes involved in cellular component organization processes. In agreement with 
increased expression of this lncRNA from late postlarva to adult, genes involved in tissue 
morphogenesis and cell proliferation are enriched in the adult transcriptome (Conaco et al., 2012).  
 
 To assess the level of conservation of the sponge lncRNAs, I first searched each 
lncRNA against genomic sequences from Drosophila melanogaster (BDGP R5/dm3), 
Caenorhabditis elegans (WS242), Nematostella vectensis (Nemve1), Trichoplax adhaerens 
(Triad1), Mnemiopsis leidyi (MGP portal; (Moreland et al., 2014; Ryan et al., 2013)), 
Pleurobrachia bachei (Moroz et al., 2014), Monosiga brevicollis (Monbr1), Saccharomyces 
cerevisiae (sacCer3), Dictyostelium discoideum (dictybase.01), Arabidopsis thaliana 
(TAIR10) and Zea mays (AGPv3), and then searched each lncRNA against the 
transcriptome of twelve sponge species, spanning over 650 My of evolution across the four 
classes of Porifera (Appendix A: Fig. S2.4). These include the demosponges Crella elegans 
(Perez-Porro et al., 2013), Chondrilla nucula (Riesgo et al., 2014), Ircinia fasciculate (Riesgo 
et al., 2014), Petrosia ficiformis (Riesgo et al., 2014), Spongilla lacustris (Riesgo et al., 
2014), Ephydatia muelleri (Hemmrich and Bosch, 2008), Microciona prolifera (Fernandez-
Valverde SL, Degnan BM, et al., unpublished data) and Pseudospongosorites suberitoides 
(Riesgo et al., 2014), the homoscleromorphs Oscarella carmela (Hemmrich and Bosch, 
2008) and Corticium candelabrum (Riesgo et al., 2014), the hexactinellid Aphrocallistes 
vastus (Riesgo et al., 2014), and the calcisponge Sycon coactum (Riesgo et al., 2014). 
 
 With this sequence similarity analysis, I found that Amphimedon lncRNAs had no 
detectable orthologues outside demosponges, which diverged from other animals at least 
700 Ma, well before eumetazoan cladogenesis (Erwin et al., 2011). Interestingly, two 
antisense exonic lncRNA transcripts (TCONS_00001844 and TCONS_00002620) had 
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detectable orthologues with Pe. ficiformis (order Haplosclerida; family Petrosiidae), the 
closest related species to Amphimedon amongst the sponges surveyed (Appendix 2.15), 
which diverged from each other at least 450 Ma (Erwin et al., 2011). A BLASTn search 
identified a conserved 156 nt match between TCONS_00001844 and the Petrosia transcript 
contig_13053 (E-value 2e-28). Both transcripts show significant complementarity to the 
sponge hypothetical protein BRAFLDRAFT_78705. The other conserved lncRNA, 
TCONS_00002620, is a 661 nt transcript encoded by 2 exons, located in antisense 
orientation to the sponge 5'-AMP-activated protein kinase subunit beta-1-like gene 
[UniProt:I1FTZ2_AMPQE] and differentially expressed at metamorphosis. A BLASTn 
search identified a conserved 85 nt match between this lncRNA and the Petrosia transcript 
contig_1491 (E-value 3e-19) (Fig. 2.6). Contig_1491 shows significant complementarity to 
this sponge’s 5’-AMP-activated protein kinase subunit beta-1-like gene (E-value 9e-19), as 
also found for TCONS_00002620 (Fig. 2.6).  
 
 
Figure 2.6 A putative syntenic sponge lncRNA. 
The blue box shows the region with sequence conservation. Alignment tracks show a 85 nt syntenic 
segment between Amphimedon and the demosponge Petrosia ficiformis, which diverged from each 
other at least 450 Ma (Erwin et al., 2011). This segment has complementarity to a predicted 
Amphimedon 5’-AMP-activated protein kinase subunit beta-1-like gene [Uniprot:I1FTZ2_AMPQE]. 
A grey scale indicates sequence similarity: white, less than 60% similar; light grey, 60 to 80% similar; 
dark grey, 80 to 100% similar; black, 100% similar. The consensus logo highlights the 85 nt 
conserved sequence, which was identified from a BLASTn search (E-value 3e-19). A score of 2 bits 
indicates that these bases are perfectly conserved between these two sponge species.  
 
Lastly, I evaluated the coding potential of the putative Petrosia lncRNA orthologues 
using CPC software (Kong et al., 2007). Contig_13053 and contig_1491 had a Coding 
Potential score of -0.94 and -0.63, respectively, and were therefore defined as ‘non-coding’. 
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However, in both cases, the presence of a highly conserved orthologue gene in antisense 
orientation presumably contributes to the high level of lncRNA sequence conservation. 
 
2.4 Discussion  
 
Although an increasing number of lncRNAs have been identified in a range of 
multicellular and unicellular eukaryotes, these have been largely restricted to established 
model organisms (Boerner and McGinnis, 2012; Brown et al., 2014; Cabili et al., 2011; 
Carninci et al., 2005; Cloutier et al., 2013; Derrien et al., 2012; Geisler et al., 2012; Guttman 
et al., 2009; Li et al., 2014; Liao et al., 2014; Liu et al., 2012; Nam and Bartel, 2012; Pauli et 
al., 2012; Ravasi et al., 2006; Sauvageau et al., 2013; Ulitsky et al., 2011; Young et al., 
2012; Zhang et al., 2014b). The lack of lncRNA annotations in early-branching non-bilaterian 
metazoans has thus precluded detailed comparative analyses. By characterising here 
lncRNAs in a morphologically simple representative of one of the oldest phyletic lineages of 
animals, the poriferans, it can be determined (1) whether the commonalities shared between 
vertebrate, insect and nematode lncRNAs originated early in metazoan evolution, as has 
been shown to be the case for many other gene families and genomic features, including 
miRNAs and piRNAs (e.g., (Grimson et al., 2008; Srivastava et al., 2008; Srivastava et al., 
2010)), and (2) what role lncRNAs may play in the evolution of animal complexity.  
 
Deep sequencing of the transcriptome of the marine demosponge A. queenslandica, 
as it develops from a pelagic larva to a benthic adult, and the subsequent comprehensive 
de novo transcripts reconstruction have allowed me to generate a high-confidence catalog 
of lncRNAs expressed across the key developmental stages. I defined a comprehensive yet 
conservative set of 2,935 single and multi-exonic non-coding RNA transcripts, which 
includes lincRNAs, intronic lncRNAs, antisense overlapping lncRNAs and precursors for 
sRNAs. This conservative estimate of A. queenslandica lncRNAs – the first lncRNAs catalog 
in an early-branching non-bilaterian metazoan – shares many of the characteristics of their 
bilaterian counterparts (Brown et al., 2014; Cabili et al., 2011; Guttman et al., 2009; Guttman 
et al., 2011; Guttman et al., 2010; Nam and Bartel, 2012; Pauli et al., 2012; Young et al., 
2012; Zhou et al., 2014). Specifically, they are relatively short in length, have a low number 
of exons, display temporally-restricted expression profiles throughout development and 
have low sequence conservation in comparison to protein-coding genes. These 
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observations are consistent with the characteristics of bilaterian lncRNAs originating very 
early in animal evolution, before the divergence of poriferan and eumetazoan lineages.  
 
The dynamic expression of lncRNAs during A. queenslandica embryogenesis, larval 
development, and metamorphosis not only indicates that these genes must be 
developmentally regulated but is also consistent with their regulatory function throughout 
development, as has been observed for specific bilaterian lncRNAs with gene regulatory 
function (Brown et al., 2014; Cabili et al., 2011; Derrien et al., 2012; Dinger et al., 2008; 
Guttman et al., 2011; Nam and Bartel, 2012; Pauli et al., 2012; Sauvageau et al., 2013). 
Analysis of the 197 A. queenslandica lncRNAs that display the highest and most dynamic 
developmental expression profiles reveals that lncRNA abundances correlate with 
morphogenetic and developmental events and milestones. These expression profiles match 
closely with those observed for subsets of coding genes (Anavy et al., 2014; Conaco et al., 
2012), with on average 15 protein-coding genes that tightly correlate in expression with a 
given sponge lncRNA. As in vertebrates, where lncRNAs have been shown to be highly 
interconnected with multiple protein-coding genes (Necsulea et al., 2014), these findings 
are consistent with these genes being part of a common regulatory network.  
 
A. queenslandica metamorphosis, which takes approximately three days, is the 
transition from the pelagic larval to the benthic juvenile/adult body plan and entails extensive 
but localised programmed cell death, transdifferentiation, cell proliferation and movement 
(Leys and Degnan, 2002; Nakanishi et al., 2014). The dynamic activation and repression of 
lncRNAs through this dramatic developmental period is perhaps expected. A detailed view 
of expression profiles through metamorphosis reveals specific lncRNA levels fluctuate 
rapidly, with notable differences between postlarval stages that are only a few hours apart. 
This is consistent with lncRNA expression in A. queenslandica being tightly regulated to a 
specific developmental context.  
 
A large number of lncRNAs are highly expressed exclusively in cleavage-stage 
embryos. In early A. queenslandica embryos, as is the case in other demosponge embryos 
[reviewed in (Ereskovsky, 2010)], cleavage is accompanied by embryo growth by the fusion 
of nutritive maternal nurse cells that, once embedded in the embryo, undergo programmed 
cell death. The complexity of the morphogenetic events during A. queenslandica cleavage 
appears to be reflected in the high diversity of the lncRNAs expressed at this stage. By the 
next stage of development – the brown stage – the maternal input of lncRNAs appears to 
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have diminished. This and subsequent embryonic stages have markedly fewer lncRNAs 
expressed at high levels. This observation is similar to previous findings in bilaterians (Pauli 
et al., 2012), where parentally supplied lncRNAs are specifically enriched in cleavage-stage 
embryos and rapidly decay after the first few hours of embryogenesis (Pauli et al., 2012). 
These lncRNAs might have a role in the regulation of maternal transcripts or transcription of 
cell-cycle genes (Hung et al., 2011; Pauli et al., 2011).  
 
Different lncRNA expression profiles in A. queenslandica correspond closely with 
specific morphogenetic stages, when specific protein-coding gene classes are known to be 
activated (Conaco et al., 2012). For instance, the transition from the planktonic competent 
larval stage to the benthic juvenile stage is accompanied by the activation of genes involved 
in secondary metabolism, immune system, cell proliferation and tissue morphogenesis 
(Conaco et al., 2012). Consistent with sponge lncRNAs being important developmental 
regulators, “guilt-by-association” analyses reveal that specific lncRNA expression profiles 
correlate with the expression profiles of conserved metazoan developmental genes, such 
as the Wnt signaling pathway components. This is consistent with sponge lncRNAs also 
playing a role as regulators of gene activity during differentiation and development, although 
the exact regulatory mechanisms still need to be elucidated. Thus, I conclude that sponges, 
despite having a simple morphology, possess a lncRNA repertoire akin to their bilaterian 
counterparts. In addition to developmental transcription factors and signaling pathway genes 
(Srivastava et al., 2008; Srivastava et al., 2010), lncRNAs may regulate the development of 
multicellular animals, regardless of the level of morphological complexity.  
 
Our understanding of other ncRNAs has been improved by examining their 
evolutionary conservation (Bartel, 2009). Although Amphimedon lncRNAs are similar to 
bilaterian lncRNAs in terms of composition, structure and expression, they have no 
significant sequence similarity to known bilaterian lncRNAs. This supports the hypothesis 
that lncRNA sequences largely evolve more rapidly than protein-coding sequences 
(Kapusta and Feschotte, 2014; Pang et al., 2006; Ponting et al., 2009). lncRNAs appear to 
be able to accept primary sequence changes, additions and deletions over evolutionary time 
without detrimental effects on functionality (Washietl et al., 2014). This suggests that 
negative selection is acting on only portions of lncRNAs or on their higher-order structure 
(Washietl et al., 2014). Highly conserved elements within lncRNA sequences, interspersed 
with longer and less conserved stretches of nucleotide sequences, have been reported 
(Guttman and Rinn, 2012; Hezroni et al., 2015; Ulitsky and Bartel, 2013). Well-known 
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examples of such elements, which could have evolved for specific protein and/or RNA 
interactions, include the PRC2-binding elements in the lncRNA Xist (Maenner et al., 2010), 
the 26 nt miR-7 binding site in the zebrafish lncRNA Cyrano (Ulitsky et al., 2011) and the 
Splicing factor 1 (Sf1) binding site in the mammalian lncRNA Miat (Rapicavoli et al., 2010; 
Tsuiji et al., 2011). Consistent with this proposition, I have identified two syntenic 
demosponge-specific lncRNAs, between Pe. ficiformis and Amphimedon, where only a 
small portion of these lncRNAs is conserved; these regions overlap with conserved protein 
coding sequences on the opposite strand. The presence of a highly conserved coding gene 
in antisense orientation may be the reason for the high level of lncRNA sequence 
conservation. As the majority of Amphimedon lncRNAs do not have identifiable orthologues 
in other sponges, it appears that sponge lncRNAs are evolving in a similar manner to 
bilaterian lncRNAs. Possibly, with my sequence-homology based search I have 
underestimated lncRNA conservation (Ulitsky, 2016; Ulitsky and Bartel, 2013). 
Computational approaches that rely on structural, rather than sequence, similarity may 
identify additional sponge lncRNA orthologues. My analysis was also limited by the quality 
of available transcript datasets in other species and other poriferan genomes and will be 
improved as more comprehensive lncRNA catalogs are released in other non-bilaterian 
metazoans.  
 
The discrimination of protein-coding and non-coding transcripts remains a challenge, 
particularly in determining whether a hypothetical ORF truly encodes a protein (Anderson et 
al., 2015; Bazzini et al., 2014; Chew et al., 2013; Cohen, 2014; Guttman et al., 2013; Ingolia 
et al., 2011; Magny et al., 2013; Pauli et al., 2014; Ruiz-Orera et al., 2014; Slavoff et al., 
2013; Smith et al., 2014). Although I identified thousands of lncRNAs in A. queenslandica, I 
predict that more lncRNAs will be annotated in this species. These will comprise many genes 
that are not polyadenylated, and thus, have been missed in the poly(A)-based RNA-seq and 
CEL-seq datasets used in this study. Other genes that remain unannotated might comprise 
those that are not expressed in the developmental stages surveyed, those that did not map 
to the genome under these mapping criteria and those filtered out by my stringent filtering 
pipeline. Nonetheless, the differential expression of lncRNAs in Amphimedon queenslandica 
is consistent with them having a developmental role akin to bilaterian lncRNAs. In addition, 
my finding of lncRNAs in a sponge strongly suggests that lncRNAs are an ancient feature 
of the metazoan regulatory system, and evolved before the divergence of sponge and 
eumetazoan lineages.  
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Chapter 3 – Long non-coding RNAs and complexity of gene expression regulation at 
the dawn of the Metazoa 
 
Abstract  
 
Developmental regulation by long non-coding RNAs (lncRNAs) appears to be a widespread 
feature amongst metazoans. However, their origin and evolution remain unclear. To address 
this, comparative evolutionary analyses of lncRNA expression patterns, sequence, and 
structural features are needed. I have previously demonstrated that a representative of one 
of the oldest animal phyletic lineages with one of the simplest body plans – the sponge 
Amphimedon queenslandica – developmentally expresses an array of lncRNAs in manner 
akin to more morphologically-complex bilaterians (insects + vertebrates). Here, I provide 
further insights into whether Amphimedon lncRNAs may be under similar developmental 
control to their bilaterian counterparts. Specifically, by analyzing cell-type specific CEL-seq 
datasets and performing whole mount in situ hybridization, I show that Amphimedon 
lncRNAs are expressed in precise cell types and localized to distinct cellular domains. Akin 
to bilaterians, the dynamic, cell type- and context-specific regulation of different lncRNAs 
throughout sponge development highlights their potential role(s) in fine-tuning gene 
expression, likely reflecting the need for complex regulatory networks in cell differentiation 
and development. Using in silico gene co-expression network analysis, I show that subsets 
of sponge lncRNAs appear to be embedded in evolutionarily conserved co-expression 
modules, which contain known developmental regulatory genes (e.g., TGF-b). These results 
are consistent with lncRNAs being important developmental regulators that likely operate in 
evolutionarily conserved developmental gene modules, despite their lack of apparent 
sequence conservation. From these observations we infer that complex genome regulation 
by lncRNAs is an ancient animal trait. 
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3.1 Introduction  
 
The application of next-generation sequencing (NGS) technologies has revealed that 
animal genomes encode thousands of long RNA transcripts with no apparent protein-coding 
capacity, known as long non-coding RNAs (lncRNAs) (Bertone et al., 2004; Cabili et al., 
2011; Carninci et al., 2005; Derrien et al., 2012; Djebali et al., 2012; Kapranov et al., 2007; 
Khalil et al., 2009; Okazaki and al., 2002; Ponting et al., 2009; Ravasi et al., 2006). LncRNAs 
are structurally similar to protein-coding mRNAs and are generally transcribed by RNA 
polymerase II from genomic loci with similar chromatin states to mRNAs (Guttman et al., 
2009). LncRNAs also have CpG islands, complex splicing patterns, 5’-terminal 
methylguanosine cap and poly(A) 3’-tails. However, lncRNAs tend to be shorter, have fewer 
exons and, when analyzed with bulk RNA-seq, appear to be expressed at relatively low 
levels relative to mRNAs (Liu et al., 2016b; Quinn and Chang, 2016).  
 
 The apparent low expression levels of lncRNAs in bulk samples could be explained 
by these non-coding genes being expressed in specific individual cells (Liu et al., 2016b) 
and in a more tissue- and developmental stage-specific manner than protein-coding genes 
(Bråte et al., 2015; Cabili et al., 2015; Cabili et al., 2011; Gaiti et al., 2015; Mercer et al., 
2008; Pauli et al., 2012; Ponjavic et al., 2009), suggesting that developmental regulation 
requires the fine timing, space, and rate of expression of specific lncRNAs (Pauli et al., 
2011). However, lncRNAs are rapidly evolving and exhibit poor primary sequence similarity 
between species; orthologues are difficult to identify (Ulitsky, 2016), thus precluding a 
detailed understanding of their functionality in an evolutionary developmental framework. In 
fact, while the role of lncRNAs in the regulation of developmental gene activity appears to 
be widespread amongst animals (Bråte et al., 2015; Brown et al., 2014; Chen et al., 2016a; 
Forouzmand et al., 2016; Gaiti et al., 2015; Jayakodi et al., 2015; Jenkins et al., 2015; Mu 
et al., 2016; Nam and Bartel, 2012; Necsulea et al., 2014; Pauli et al., 2012; Quinn et al., 
2016; Sauvageau et al., 2013; Tan et al., 2013; Ulitsky et al., 2011; Wu et al., 2016; Young 
et al., 2012), only a handful of lncRNAs have thus far been shown to function in evolutionarily 
divergent animals, mostly restricted to bilaterians (Grant et al., 2012; Heard et al., 1999; 
Migeon et al., 1999; Quinn et al., 2016; Ulitsky et al., 2011).  
 
Knowledge of lncRNA temporal and spatial developmental expression patterns can 
provide fundamental insights into their biology and acts as a proxy for potential functional 
roles. Several studies have found that lncRNA specific expression patterns are generally 
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highly conserved (Chodroff et al., 2010; Hezroni et al., 2015; Washietl et al., 2014), 
suggesting lncRNAs are likely to act in similar cellular and developmental contexts in 
different species. Likewise, computational construction of evolutionarily conserved coding 
and non-coding gene co-expression networks (Guo et al., 2013; Liao et al., 2011) could infer 
the lncRNA potential biological function across evolutionarily divergent species, despite their 
lack of apparent sequence conservation. This may represent a powerful approach to 
nominate candidate lncRNAs for future experimental and comparative studies that may pave 
the way to the discovery of novel principles of lncRNA evolution.  
 
 The phylogenetic status of sponges (Porifera) as sister group to the Eumetazoa 
(cnidarians + bilaterians) makes them ideal models for elucidating the origin and evolution 
of animal lncRNA features, because traits shared between sponges and other animals likely 
reflect shared inheritance from the last common animal ancestor (Srivastava et al., 2010). 
Sponges consist of four classes - Demospongiae, Calcarea, Homoscleromorpha and 
Hexactinellida (Gazave et al., 2012) – of morphologically-simple animals (they lack true gut, 
nerves and muscles) that share a common body organization and appear to have diverged 
from each other over 650 million years ago, well before eumetazoan cladogenesis and the 
Cambrian explosion (Erwin et al., 2011) (Fig. 3.1).  
 
Sponges possess an internal network of canals and ciliated choanocyte chambers 
lined with epithelial cells, primarily endopinacocytes and choanocytes, and are separated 
from the external environment by another epithelial layer, the exopinacoderm. Choanocyte 
chambers pump water through this internal aquiferous canal system, drawing food into the 
sponge. Between the internal and external epithelial layers is the collagenous mesohyl, 
which is enriched with multiple types of amoebocytes, including the pluripotent stem cell 
type – the archeocyte (Fig. 3.2). This juvenile body plan is the outcome of the dramatic 
reorganization of the radially-symmetrical, bi- or trilayered larva at metamorphosis (Degnan 
et al., 2015; Ereskovsky, 2010; Leys and Degnan, 2002) (Fig. 3.2).  
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Figure 3.1 Schematic representation of the evolutionary relationship among most 
representative sponge species.  
Yellow box highlights the sponge clade. Amphimedon queenslandica is shown in bold red. For 
detailed phylogenetic relationship analyses of sponges please refer to (Gazave et al., 2012; Hill et al., 
2013; Worheide et al., 2012). Adapted from (Gaiti et al., 2015). 
 
Previously, we (Gaiti et al., 2015) (see Chapter 2) and others (Bråte et al., 2015) have 
reported that sponges, despite their simple morphology, developmentally expresses an 
array of lncRNAs in manner akin to more morphologically-complex insects and vertebrates. 
While these studies suggest that lncRNA-based developmental regulation is a common 
feature of animal development, it is still unclear whether sponge lncRNAs are homologous 
to those in other animals. Gene regulatory networks (GRNs) and modules are central for the 
control and timing of animal development (Davidson and Erwin 2006; Erwin and Davidson 
2009; Peter and Davidson 2011). Akin to bilaterians, where lncRNAs have been shown to 
be co-expressed with multiple protein-coding genes (Necsulea et al., 2014), sponge 
lncRNAs appear to be important components of co-expressed developmental gene modules 
(Bråte et al., 2015; Gaiti et al., 2015). Interestingly, they also appear to be co-expressed 
with similar sets of protein-coding genes (Bråte et al., 2015; Gaiti et al., 2015), raising the 
question: do sponge lncRNAs operate in evolutionarily conserved co-expression modules 
(or networks), despite their lack of apparent sequence conservation (Fig. 3.3)?  
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Figure 3.2 Sponge life cycle and body plan.  
(A) Schematic representation of the demosponge Amphimedon queenslandica life cycle. 
Amphimedon is a brooding species; fertilization and embryogenesis occurs in the maternal brood 
chamber. Embryogenesis is complete when the larval body plan is fully established, and the free-
swimming larvae is released into the water column. This starts the pelagic phase of the sponge 
lifecycle, which is characterized by the acquisition of competence prior to sight selection and 
settlement. Once a suitable location is selected, the larvae undergoes settlement and metamorphosis 
before developing into a juvenile, which displays the hallmarks of the adult body plan, including an 
aquiferous system with canals, choanocytes chambers, and oscula (Leys and Degnan, 2002). This 
juvenile will grow and mature into a benthic adult. Image courtesy of William Hatleberg. (B) Diagram 
of a juvenile sponge body plan. Water flows into the internal aquiferous system via the ostium and 
out via the osculum. The mesohyl is shown in blue and populated by archeocytes and other cell types, 
including sclerocytes and spherulous cells. Taken from (Degnan et al., 2015). (C) Optical section of 
a 3-day-old Amphimedon queenslandica juvenile showing internal morphology. Archeocyte (a), 
choanocyte chamber (cc), endopinacoderm (en), exopinacoderm (ex), ostium (o), osculum (os), 
sclerocyte (s), spicule (sp), and spherulous cell (sph). Scale bar: 10 µm. Taken from (Degnan et al., 
2015).  
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Here, building upon the previous systematic characterization of lncRNAs in the 
demosponge Amphimedon queenslandica (herein Amphimedon) (Gaiti et al., 2015) (see 
Chapter 2), I document the spatial expression patterns of a subset of these lncRNAs and 
thereby contribute to the understanding of their putative role in development of this sponge. 
In addition, I present examples of putative evolutionarily conserved modules of co-
expressed homologous genes, including lncRNAs, between Amphimedon and the 
calcareous sponge Sycon ciliatum (herein Sycon) (Bråte et al., 2015; Gaiti et al., 2015), that 
are believed to have separated more than 650 million years ago (Erwin et al., 2011) (Fig. 
3.1). Together, these new findings illustrate how the investigation of lncRNAs in an early-
branching non-bilaterian animal serves as an important resource for increasing our 
understanding of the complexity of the animal transcriptome and lay the foundation for future 
functional and evolutionary studies in this sponge.  
 
 
Figure 3.3 Do sponge lncRNAs operate in evolutionarily conserved co-expression modules?  
Although sponge lncRNAs are important components of co-expressed developmental gene modules 
(Bråte et al., 2015; Gaiti et al., 2015), their roles in an evolutionary developmental framework are 
still unclear. Evolutionarily conserved networks of co-expressed homologous genes, including 
lncRNAs, might therefore represent a useful approach to predict their functionality even across highly 
divergent sponge lineages, despite their lack of apparent sequence conservation.  
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3.2 Results and Discussion 
 
3.2.1 Amphimedon lncRNAs show cell-type specific restricted expression patterns 
 
LncRNAs typically exhibit cell type-specific restricted expression patterns (Bråte et 
al., 2015; Cabili et al., 2015; Cabili et al., 2011; Chodroff et al., 2010; Hezroni et al., 2015; 
Liu et al., 2016b; Mercer et al., 2008; Washietl et al., 2014). To assess whether this is the 
case for Amphimedon lncRNAs and to better understand their putative roles in a cellular 
context, I interrogated cell-type specific CEL-seq data sets from three of the main cell-types 
of sponges above-described – archeocytes, pinacocytes, and choanocytes. Reads from 
these datasets were mapped to Amphimedon lncRNA collection to identify cell-type specific 
enriched lncRNAs. Of the 2,935 Amphimedon lncRNAs identified in Chapter 2 (Gaiti et al., 
2015), a set of 684 lncRNAs had detectable expression (CEL-seq normalized count >0) 
across the cell-type specific transcriptomes (Appendix B: Table S3.1), 136 of which were 
identified as differentially expressed (DE; P-adj <0.05) between any of the three cell types 
(Appendix B: Table S3.2) (see Methods). The majority of these DE lncRNAs appear to be 
choanocyte- or archeocyte-specific (57% and 24%, respectively), with five lncRNAs being 
preferentially expressed in pinacocytes only (Fig. 3.4). The higher enrichment of lncRNAs 
in choanocytes might reflect samples collection, as only 5-6 cells per sample were pooled 
for archeocytes and pinacocytes relative to roughly 30-40 cells for choanocytes (Methods). 
Nonetheless, in line with the above-mentioned studies, the expression of Amphimedon 
lncRNAs appeared to be largely cell-type specific, as shown by the extremely small number 
of DE lncRNAs shared between the three cell-types (Fig. 3.4).  
 
 Of the choanocyte-enriched lncRNAs, AmqTCONS_00001337, 
AmqTCONS_00001338, and AmqTCONS_00001339 were previously found to be 
coexpressed with protein-coding genes enriched for scavenger receptor activity, 
carbohydrate metabolic processes, and hydrolase activity in Amphimedon (Gaiti et al., 2015) 
(see Chapter 2: Fig. 2.5). Amphimedon possesses nearly 300 genes from the scavenger 
receptor cysteine-rich domain-containing (SRCR) gene family, which are putatively involved 
in microbe-associated molecular patterns recognition (Ryu et al., 2016; Yuen et al., 2014). 
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Figure 3.4 Amphimedon lncRNAs are enriched in specific cell types.  
Venn diagram denoting the proportion of differentially expressed lncRNAs detected in each of the 
three cell-type specific transcriptome datasets. 
 
These large complements suggest that this morphologically-simple animal without an 
apparent adaptive immune system could have the capacity to detect a large and diverse 
array of microbial ligands, which allows it to distinguish and subsequently generate specific 
responses to foreign and symbiotic bacteria (Degnan, 2015). Consistent with this premise, 
these three lncRNAs were found to be DE when Amphimedon juveniles were exposed to a 
foreign bacterial suspension enriched from a different sponge species (Rhabdastrella 
globostellata, Carter 1883) (Yuen, 2016). Moreover, this finding runs parallel to SRCR genes 
being upregulated in choanocytes (Yuen, 2016) and is consistent with the proposed dual 
role of this cell type in sponge digestion (Mah et al., 2014) and immunity (Yuen, 2016). 
Interestingly, these lncRNAs were also located in close genomic proximity to a cluster of 
immune-related genes (Tnf receptor-associated factors (TRAFs)) (Fig. 3.5), also 
predominantly enriched in choanocytes (Yuen, 2016). Together, these results suggest a 
putative role in immune response for these lncRNAs in this sponge. However, perturbation 
experiments will be essential to test their presumed function. 
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Figure 3.5 Subset of Amphimedon lncRNAs (AmqTCONS_00001337-9) are in close genomic 
proximity to a cluster of immune-related genes.  
Coding genes (purple) and long non-coding RNAs (blue) are shown, along with signal coverage 
tracks showing CEL-seq expression. A grey scale indicates CEL-seq expression level: white (no-
expression); black (highest expression). The shaded purple area represents the cluster of immune-
related genes [Tnf receptor-associated factors (TRAFs)]. Figure was generated using a local instance 
of the UCSC genome browser (Kuhn et al., 2013). 
 
Likewise, the cis-antisense lncRNA AmqTCONS_00003141 was previously found to 
be up-regulated at the stage of extensive cell differentiation – feeding juvenile – and co-
expressed with protein-coding genes involved in key intercellular signaling pathways, 
including the GPCR Frizzled-B (UniProt:I1G9T3_AMPQE) and TGF-b receptor type-1 (NCBI 
Reference Sequence: XP_011409575.1) (Gaiti et al., 2015) (see Chapter 2). The analysis 
of AmqTCONS_00003141 expression pattern across the transcriptome profiles of 
choanocytes, pinacocytes and archeocytes, revealed its upregulation in archeocytes and 
pinacocytes. Consistent with this, genes encoding TGF-β, a major immunosuppressive 
cytokine with a highly conserved role in metazoan immunity (Detournay et al., 2012; 
Johnston et al., 2016) and development (Adamska et al., 2007), were also differentially 
enriched in pinacocytes (Yuen, 2016), suggesting they are likely to function in a similar 
cellular context.  
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To further validate the cell-type-specific expression of Amphimedon lncRNAs, I 
selected three independently regulated lncRNA transcripts with different developmental 
expression patterns (unique to post-settlement stages, peaking in feeding stages, peaking 
in larvae) for the subsequent in situ hybridization (ISH) analysis – the above-mentioned 
AmqTCONS_00003141, AmqTCON_00001029, and AmqTCONS_00000018, respectively. 
The detection of all three probes displayed a striking variety of specific and unique 
expression patterns, encompassing multiple cell types (Fig. 3.6; Appendix B: Fig. S3.1).  
 
AmqTCONS_00003141 transcripts, precisely activated 6–7 h after settlement (Fig. 
3.6A), were localized to a substantial fraction of specific internal cells of juveniles, but not 
detectable in outer layer epithelial. Specifically, they were detected in a variable fraction of 
choanocytes, the feeding cells of the sponge (Fig. 3.6Ai, Ai’). This expression variability in 
choanocytes might explain the absence of this transcript from the choanocyte-specific CEL-
seq data set. Clusters of AmqTCONS_00003141-expressing cells that aligned on their 
longitudinal axis and were likely to be archeocytes – the stem cells of the sponge – were 
also detected (Fig. 3.6Aii, Aii’), consistent with the CEL-seq data sets.  
 
The long intergenic ncRNA (lincRNA) AmqTCONS_00001029 is a 526-nt transcript 
encoded by three exons, expressed from chamber to adult stages (Fig. 3.6B), that also 
possesses canonical promoter chromatin signatures (i.e., a high ratio of histone H3 lysine 4 
trimethylation (H3K4me3) compared to monomethylation (H3K4me1)) (see Chapter 4: Fig. 
4.5). In contrast to AmqTCONS_00003141, its expression was detectable in epithelial cells 
– endopinacocytes – that line the internal network of canals (Fig. 3.6Bi-Bii’).  
 
The remaining lincRNA (AmqTCONS_00000018), a 959-nt transcript encoded by two 
exons, was expressed in larval stages right before settlement (Fig. 3.6C). Amphimedon 
larva has three cells layers; an outer epithelial layer interspersed with globular cells and 
flask cells, a subepithelial layer composed mostly of large macromeres, and the inner cell 
mass (Richards and Degnan, 2012). AmqTCONS_00000018 transcripts were detected in 
subepithelial cells at the boundary between outer cell layer and inner cell mass (Fig. 3.6Ci, 
Cii), similar to the expression patterns of the Amphimedon Delta ligands AmqDelta2 and 
AmqDelta3 (Richards and Degnan, 2012).  
 
 As in bilaterians (Cabili et al., 2015; Goff et al., 2015; Mercer et al., 2008; Pauli et al., 
2012), Amphimedon lncRNAs display a variety of expression patterns, encompassing 
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multiple cell types, consistent with lncRNA expression during early animal development 
being highly dynamic (Bråte et al., 2015; Gaiti et al., 2015) and tightly regulated to a specific 
developmental context. Although functional evidence is lacking, their precise expression in 
multiple cell types during sponge development, as in other metazoans (Fatica and Bozzoni, 
2014), suggests that these non-coding genes may have functioned in the regulatory network 
of the metazoan last common ancestor to control cell differentiation and development.  
 
 3.2.2 Amphimedon and Sycon lncRNAs operate in conserved developmental co-expression 
modules: homology or co-option?  
 
To assess whether sponge lncRNAs, despite showing no apparent homology with 
any known animal lncRNA, nonetheless operate in evolutionarily conserved co-expression 
modules, we analysed DE lncRNAs that strongly correlated with the expression profiles of 
sets of protein-coding genes. We focused on the sponges Amphimedon (Gaiti et al., 2015) 
and Sycon (Bråte et al., 2015), which diverged from each other at least 650 million years 
ago (Erwin et al., 2011) (Fig. 3.1), due to the comprehensive developmental lncRNA 
catalogues available in these species. We constructed co-expression networks (CNs), as a 
proxy for gene regulatory networks, based on the previously identified differentially 
expressed genes (coding genes and lncRNAs) in both species (Bråte et al., 2015; Gaiti et 
al., 2015) (see Chapter 2). These networks depicted co-expression modules putatively 
driven by lncRNAs (Appendix B: Fig S3.2).  
 
To find evidence of evolutionarily conserved modules, or networks, of co-expressed 
genes including lncRNAs, we then compared the CNs of Amphimedon and Sycon and 
identified conserved homologous genes between Amphimedon and Sycon that were co-
expressed with the DE lncRNAs (Fig. 3.7). For instance, developmental Sycon lncRNAs and 
the previously characterized Amphimedon lncRNAs AmqTCONS_1337-9, 
AmqTCONS_3502, and AmqTCONS_0003141 (see Chapter 2: Fig. 2.5) (Gaiti et al., 2015), 
appeared to co-regulate a similar set of homologous protein-coding genes (e.g., TGF-b 
receptor type-1) (Fig. 3.7; Table 3.1; Appendix B: Table S3.3-3.4). The co-expression of 
lncRNAs with homologous genes in these sponges is consistent with these non-coding 
genes operating in conserved CNs. 
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Figure 3.6 Amphimedon lncRNAs show cell type-specific restricted expression patterns.  
(A) Heat map representation of expression of cis-antisense lncRNA AmqTCONS_00003141. Oscula 
stage juveniles were labeled with the antisense riboprobe AmqTCONS_00003141. Specimens are 
viewed from the top of juvenile. Yellow arrowheads in Ai and Ai’ show AmqTCONS_00003141-
expressing choanocytes (cc) in chambers. Yellow arrowheads in Aii show a cluster of 
AmqTCONS_00003141-expressing cells at the apex of the tent-pole like structure, visible here as a 
vertically oriented cluster of spicules (sp) and associated cells (Aii’’), as well as 
AmqTCONS_00003141-expressing cells that align on their longitudinal axis and are likely to be 
pluripotent archeocytes (a) (Aii’). (B) Heat map representation of expression of lincRNA 
AmqTCONS_00001029. Specimens were labeled with antisense probe and are viewed from the top 
of juvenile. Yellow arrowheads in Bi indicate tent-pole like structures (Bi’) that strongly express 
AmqTCONS_00001029. Yellow arrowheads in Bii indicate epithelial AmqTCONS_00001029 -
expressing endopinacocytes (en) (Bii’, Bii’’) that line the internal network of canals. (C) Heat map 
representation of expression of the lincRNA AmqTCONS_00000018. (Ci, Cii) Specimens were 
labeled with antisense riboprobe and are viewed from the lateral side. Yellow arrowheads show 
AmqTCONS_00000018 expression in sub-epithelial cells at the boundary between outer cell layer 
and inner cell mass. Scale bars: 50 µm (Ai, Aii, Bi, Bii, Ci, Cii), 5 µm (insets in Ai, Aii, Bi, Bii). 
 
Though, given the uncertain evolutionary origin of lncRNAs as a group, their lack of 
sequence identity, and the lack of functional studies undertaken in these sponge species, it 
is also plausible that the 'regulation' of these shared genes (e.g., TGF-b receptor type-1) 
has evolved independently in Sycon and Amphimedon. This introduces an alternative 
evolutionary scenario in which these evolutionary conserved modules of co-expressed 
genes may have some functional requirement for a lncRNA (i.e., the function of the coding 
gene sets requires a functional input from a lncRNA) and, thus, the shared usage of 
conserved genes in each species would represent the result of convergent co-option of 
lncRNAs in the regulation of similar pathways.  
 
Interestingly, sponge lncRNAs also appear to have regulatory interactions with a 
range of species-specific genes (Fig. 3.7), consistent with recent findings in Amphimedon 
that transcription factors co-expression modules display a high component of species-
specific innovations (Hatleberg et al., unpublished data). These co-expression modules 
putatively driven by lncRNAs could therefore be more pliable to evolutionary innovation, 
consistent with the observed higher frequency of new lncRNA origination (see Chapter 
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1.2.4) and their increased lineage-specificity relative to coding genes (Necsulea et al., 2014; 
Pang et al., 2006; Ulitsky, 2016).  
 
 
 
Figure 3.7 Evolutionary conserved modules of co-expressed genes including lncRNAs between 
sponges.  
Co-expression networks (CNs) based on the previously identified differentially expressed genes 
(coding genes and lncRNAs) in Amphimedon (Gaiti et al., 2015) and Sycon (Bråte et al., 2015). Nodes 
indicate differentially expressed coding-genes, hubs (black) represent differentially expressed 
lncRNAs, and edges represent significant co-expression (both positive and negative). Amphimedon-
specific genes are shown in red. Sycon-specific genes are shown in green. Conserved homologous 
genes shared between Amphimedon and Sycon are shown in blue. See Chapter 2: Fig. 2.5 for the 
developmental expression profiles of AmqTCONS_1337-9, AmqTCONS_3502, and 
AmqTCONS_0003141 and their co-expressed protein-coding genes.  
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Table 3.1 List of conserved homologous genes shared between Amphimedon and Sycon for the 
three examples of evolutionarily conserved modules of co-expressed genes including lncRNAs.  
See Appendix B: Table S3.3-3.4 for the complete edge and node lists of genes.  
AmqTCONS_00003141 
Homologous gene pairs Description 
scigt010895-Aqu2.1.43387_001 mitochondrial dicarboxylate carrier 
scigt017797-Aqu2.1.41074_001 protein disulfide-isomerase a5-like 
scigt001771-Aqu2.1.30885_001 sh3 and px domain-containing protein 2a-like 
scigt016036-Aqu2.1.36626_001 adp-ribosylation factor gtpase-activating protein 2-like 
scigt018255-Aqu2.1.30885_001 sh3 and px domain-containing protein 2a-like 
scigt000612-Aqu2.1.41568_001 tgf-beta receptor type-1 
scigt008994-Aqu2.1.41568_001 tgf-beta receptor type-1 
  
AmqTCONS_00001337-9 
Homologous gene pairs Description 
scigt017951-Aqu2.1.43947_001 arylsulfatase b-like 
scigt017951-Aqu2.1.24502_001 arylsulfatase b-like 
scigt017951-Aqu2.1.39727_001 arylsulfatase 
scigt017951-Aqu2.1.41029_001 arylsulfatase 
scigt017951-Aqu2.1.37909_001 sulfatase 
scigt014545-Aqu2.1.37909_001 sulfatase 
scigt014545-Aqu2.1.41029_001 arylsulfatase 
scigt014545-Aqu2.1.39727_001 arylsulfatase 
scigt017997-Aqu2.1.32274_001 usherin 
scigt020120-Aqu2.1.28087_001 lysosomal alpha-glucosidase-like isoform x2 
scigt020423-Aqu2.1.35119_001 filamin-c-like isoform x3 
scigt000557-Aqu2.1.32241_001 myosin-i heavy chain 
scigt008273-Aqu2.1.36394_001 deleted in malignant brain tumors 1 
scigt017951-Aqu2.1.42755_001 arylsulfatase b-like 
  
AmqTCONS_00003502 
Homologous gene pairs Description 
scigt000138-Aqu2.1.44676_001 actin family protein 
scigt001771-Aqu2.1.38758_001 tyrosine-protein kinase lck 
scigt005362-Aqu2.1.44676_001 actin family protein 
scigt004922-Aqu2.1.40987_001 unconventional myosin-viia 
scigt008792-Aqu2.1.24982_001 adenylyl cyclase-associated protein 1 
scigt012572-Aqu2.1.40987_001 unconventional myosin-viia 
scigt014349-Aqu2.1.32914_001 pleckstrin homology domain-containing family g member 1-like 
scigt016045-Aqu2.1.28519_001 ap-2 complex subunit alpha-1-like 
scigt020995-Aqu2.1.43989_001 protein plant cadmium resistance 3-like 
scigt021992-Aqu2.1.44676_001 actin family protein 
scigt022018-Aqu2.1.44676_001 actin family protein 
scigt025009-Aqu2.1.40987_001 unconventional myosin-viia 
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3.3. Conclusion 
 
Based on our and other studies of lncRNAs in Amphimedon (Gaiti et al., 2015) and 
Sycon (Bråte et al., 2015), respectively, the dynamic, cell type- and context-specific 
expression of lncRNAs in many sponge cell types is consistent with all the conserved 
spatiotemporal expression features of bilaterian lncRNAs being also present in sponges. 
The use of long non-coding RNAs during early animal development can, therefore, be dated 
back to the last common ancestor of all animals. Although we do not have functional 
confirmation, this leads us to propose that, akin to their bilaterian counterparts (Chalei et al., 
2014; Dinger et al., 2008; Fatica and Bozzoni, 2014; Guttman et al., 2011; Luo et al., 2016; 
Yin et al., 2015), and similarly to other classes of ncRNAs (Ivey and Srivastava, 2010), these 
lncRNAs may be playing a developmental role by regulating the deployment of various cell 
differentiation gene batteries during sponge development.  
 
Given the lack of sequence identity of lncRNAs, it remains unclear if developmental 
sponge lncRNAs are conserved or independently-evolved. The finding of similar sets of 
homologous protein-coding genes co-expressed, and thus presumably co-regulated, 
with lncRNAs between evolutionarily divergent sponge species, strongly points to lncRNAs 
being important developmental regulators that likely operate in conserved gene regulatory 
networks. The generation of high-quality developmental transcriptomes in other deep-
branching animal lineages at the base of the animal kingdom, including ctenophores and 
placozoans, are needed to better examine the functional and evolutionary conservation of 
metazoan lncRNA genes.  
 
3.4 Methods 
 
3.4.1 Cell-type specific transcriptome analysis 
 
The cell-type specific CEL-seq datasets were generated by Shunsuke Sogabe and 
Daniel Stoupin. Adult A. queenslandica were collected from Shark Bay, Heron Island, 
Australia. Sponges were cut into cubes of tissue approximately 1 cm3 in size, and 
mechanically dissociated using a 20 μm mesh. This cell suspension was then diluted with 
0.22 μm-filtered seawater (FSW) and each cell type was isolated and collected using a 
micromanipulator. Samples were collected and sequenced as pools of cells: 5-6 cells per 
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sample for archeocytes and pinacocytes, while choanocytes were collected as whole 
choanocyte chambers (roughly 30-40 cells). All samples were isolated within approximately 
15 minutes after dissociation, to minimize the effect of dissociation on gene expression of 
the cells. Collected cells were flash frozen in a dry-ice/ethanol bath, and stored at -80C. 
Samples were prepared using the CEL-Seq2 protocol (Hashimshony et al., 2016) and 
sequenced using HiSeq 2500 rapid mode. CEL-Seq reads were mapped back to the A. 
queenslandica genome (Srivastava et al., 2010) using Bowtie2 (Langmead and Salzberg, 
2012) and the CEL-Seq analysis pipeline as previously described (Hashimshony et al., 
2012). The resulting counts were analyzed for differential gene expression using DESeq2 
(Love et al., 2014). Pairwise comparisons were conducted between each of the three cell 
types to generate a list of differentially expressed gene for each cell type. A 5% False 
Discovery Rate cut-off was used to produce the final lists of differentially expressed 
lncRNAs.  
 
3.4.2 Gene isolation and whole mount in situ hybridization 
 
Amphimedon lncRNA fragments were amplified with gene specific primers, by using 
complimentary DNA from mixed developmental stages as a PCR template. Gene specific 
primers were as follows: AmqTCONS_00003141_Fw, ATAGGACCCACCCAGTCAAAC 
and AmqTCONS_00003141_Rev, TTCCTTGTTGTTCCTTGCCCT; 
AmqTCONS_00001029_Fw, AGAATTGGCCGTAACAACAAGT and 
AmqTCONS_00001029_Rev, TCTAAGAAAATCTAAGTTACGTGTACG; 
AmqTCONS_00000018_Fw, TCCATTCCTATATTTTCCCCTTC and 
AmqTCONS_00000018_Rev, ATGAGGGTGGGATGATGTGC. Riboprobes synthesis and 
in situ hybridization were conducted as described previously (Larroux et al., 2008a). 
Antisense digoxigenin-labeled riboprobes were hybridised at a final concentration of 1 ng/μl. 
 
3.4.3 Co-expression network analysis 
 
Co-expression networks (CNs) were constructed by William Hatleberg based on the 
previously identified differentially expressed genes (coding genes and lncRNAs) in both 
Amphimedon (Gaiti et al., 2015) and Sycon (Bråte et al., 2015). Co-expression analyses in 
both species were performed as previously described (Gaiti et al., 2015). CNs were 
visualized using Cytoscape (Shannon et al., 2003). The resulting CNs show genes co-
expressed with lncRNAs, where nodes indicate differentially expressed coding-genes, hubs 
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indicate lncRNAs, and edges represent a significant (P-value <0.05) co-expression (both 
positive ³0.95 and negative £-0.95). Homology between Sycon and Amphimedon was 
inferred with BLAST+ (version 2.2.30) (Altschul et al., 1990), using BLASTp (E-value cutoff 
<1e-5) against a custom all vs. all database containing all Amphimedon Aqu2.1 peptides 
(Fernandez-Valverde et al., 2015) and all peptides identified in the Sycon transcriptome 
(Bråte et al., 2015) using TransDecoder (recommended settings, guided by UniProt and 
Pfam-A databases) (Haas et al., 2013b). The complete set of Amphimedon lncRNAs and 
protein-coding genes can be accessed and visualized in our website: 
http://amphimedon.qcloud.qcif.edu.au/lncRNAs/, last accessed March 7, 2017. The codes 
used for the gene co-expression analysis are available for download at: 
https://bitbucket.org/selene_fernandez/amphimedon-lncrnas, last accessed March 7, 2017. 
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Chapter 4 – Landscape of histone modifications in a sponge reveals the origin of 
animal cis-regulatory complexity 
 
Abstract  
 
Combinatorial patterns of histone modifications regulate developmental and cell type-
specific gene expression and underpin animal complexity, but it is unclear when this 
regulatory system evolved. By analysing histone modifications in a morphologically-simple, 
early branching animal, the sponge Amphimedon queenslandica, I show that the regulatory 
landscape used by complex bilaterians was already in place at the dawn of animal 
multicellularity. This includes distal enhancers, repressive chromatin and transcriptional 
units marked by H3K4me3 that vary with levels of developmental regulation. Strikingly, 
Amphimedon enhancers are enriched in metazoan-specific microsyntenic units, suggesting 
that their genomic location is extremely ancient and likely to place constraints on the 
evolution of surrounding genes. These results suggest that the regulatory foundation for 
spatiotemporal gene expression evolved prior to the divergence of sponges and 
eumetazoans, and was necessary for the evolution of animal multicellularity.  
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4.1 Introduction 
 
Animals rely on genomic regulatory systems to direct the dynamic spatiotemporal 
and cell-type specific gene expression that is essential for the development and 
maintenance of a multicellular lifestyle. However, how such a system originated and evolved 
in animals remains unclear. As the last common ancestor of modern animals already 
possessed an extensive repertoire of regulatory genes, including most transcription factors 
and signaling pathways used in bilaterian development (de Mendoza et al., 2013; Degnan 
et al., 2009; King et al., 2003; King et al., 2008; Larroux et al., 2006; Larroux et al., 2008b; 
Moroz et al., 2014; Richards and Degnan, 2009; Richter and King, 2013; Ryan et al., 2013; 
Sebé-Pedrós et al., 2011; Srivastava et al., 2010), the evolution of animal multicellularity 
likely required more than the origin of novel genes. Other regulatory features, such as cis-
regulatory DNA and combinatorial patterns of histone covalent post-translational 
modifications (PTMs) (Davidson and Peter, 2015), would have been instrumental to direct 
differential gene expression in the first multicellular animals. For instance, recent analysis 
of the genome of Capsaspora, one of the closest unicellular relatives of animals, reveals a 
lack of chromatin repressive marks, developmental promoter types and distal cis-regulatory 
elements (enhancers) typically present in complex animals (i.e., eumetazoans) (Sebé-
Pedrós et al., 2016). 
 
The development of high-throughput chromatin assays like chromatin 
immunoprecipitation coupled with massively parallel sequencing (ChIP-seq) (Robertson et 
al., 2007) has allowed the dissection of chromatin-encoded information beyond the primary 
DNA sequence, especially the systematic examination of histone PTMs and their role(s) in 
transcriptional regulation (ENCODE Project Consortium, 2012; Kundaje et al., 2015; 
Thurman et al., 2012; Zhou et al., 2011). Although combinatorial patterns of histone 
acetylation and methylation are key components of gene regulatory mechanisms 
underpinning the formation and maintenance of eumetazoans (Schwaiger et al., 2014), it 
remains unknown if this system is restricted to these animals or is indeed more ancient. 
 
Porifera (sponges) are considered one of the oldest surviving phyletic lineages of 
animals, diverging from other metazoans around 700 Mya (Erwin et al., 2011). Despite being 
one of the morphologically simplest animals, lacking a gut, nerves and muscles, sponges 
possess an extensive gene repertoire for transcriptional regulation required in eumetazoan 
development and body patterning (Adamska et al., 2007; Bråte et al., 2015; Conaco et al., 
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2012; Fortunato et al., 2015; Fortunato et al., 2014; Gaiti et al., 2015; Grimson et al., 2008; 
Larroux et al., 2006; Larroux et al., 2008b; Leininger et al., 2014; Nakanishi et al., 2014; 
Richards et al., 2008; Riesgo et al., 2014; Srivastava et al., 2010).  
 
Here, following on from our recent transcriptomic studies that revealed that the 
sponge Amphimedon queenslandica (herein Amphimedon) has dynamic developmental 
gene expression akin to eumetazoans (Fernandez-Valverde et al., 2015; Gaiti et al., 2015; 
Levin et al., 2016), we set out to determine whether this transcriptional complexity is 
paralleled by regulatory complexity encoded by combinatorial histone PTM patterns. By 
analysing an extensive ChIP-seq compendium of histone H3 PTMs in this sponge, we show 
that a complex gene regulatory landscape comprised of combinatorial histone modifications 
was already in place at the dawn of animals. Moreover, we provide evidence for the 
evolution and expansion of distal cis-regulatory genomic capabilities at the origin of the 
animal kingdom.  
 
4.2 Results 
 
4.2.1 Amphimedon key regulatory chromatin states are shared with eumetazoans 
 
We carried out chromatin immunoprecipitation (ChIP) on sexually reproducing Amphimedon 
adults and larvae using antibodies against specific histone H3 PTMs that have been used 
to define chromatin states in model bilaterians (Ho et al., 2014; Zhou et al., 2011) (Fig. 4.1A). 
These analyses were undertaken on separate admixtures of adult and larval somatic cell 
types and, thus, a diversity of gene transcriptional states. Importantly, Amphimedon adults 
and larvae are comprised of different cell types with markedly different transcriptional 
profiles and regulatory states (Conaco et al., 2012; Degnan et al., 2015; Fernandez-
Valverde et al., 2015; Gaiti et al., 2015). While our sampling strategy increases the biological 
complexity of chromatin states in toto, it may dilute cell type-specific signals. This contrasts 
with ChIP-seq analyses performed on cell lines, embryos with few cell types, or distinct 
tissue samples, which encapsulate more homogenous cellular populations and 
environments (Gerstein et al., 2010; Kundaje et al., 2015; Perez-Lluch et al., 2015; 
Schwaiger et al., 2014; Sebé-Pedrós et al., 2016). Given the current Amphimedon genome 
is a draft sequence, our analyses may be incomplete in regions that have incomplete 
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annotations and gaps in the assembly (13% of the total genome assembly) (Srivastava et 
al., 2010). 
 
 
Figure 4.1 Chromatin states in Amphimedon.  
(A) Schematic representation of Amphimedon life cycle. Larvae (oval shaped, 300-500 µm long) 
emerge from maternal brood chambers and then swim in the water column before they develop 
competence to settle and initiate metamorphosis into a juvenile. The juvenile body plan, which 
displays the hallmarks of the adult body plan, including an aquiferous system with canals, 
choanocytes chambers, and oscula, is the outcome of the dramatic reorganization of the radially-
symmetrical, bi- or trilayered larva. This juvenile will then grow and mature into a benthic adult 
(ranging from 10-30 cm3) (Degnan et al., 2015; Leys and Degnan, 2002). (B) Definition and 
enrichments for a 9-state Hidden Markov Model based on five histone PTMs (H3K4me3, H3K27ac, 
H3K4me1, H3K36me3 and H3K27me3) in adult Amphimedon. From left to right: chromatin state 
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definitions, abbreviations, histone PTM probabilities, genomic coverage, protein-coding gene 
functional annotation enrichments, expressed (Expr.) and repressed (Repr.) protein-coding gene 
enrichments. Blue shading indicates intensity, scaled by column. (C) Adult chromatin state 
annotations on gene rich highly transcribed (active) scaffold (contig13500) showing the 
predominance of ‘TssA’, ‘TxFlnk’, and ‘TxEnhA’ states. For the definition of chromatin states see 
panel (A). Coding genes (purple) and long non-coding RNAs (blue) are shown, along with signal 
coverage tracks showing CEL-seq expression in adult. A grey scale indicates CEL-seq expression 
level: white (no-expression); black (highest expression). (D) Adult chromatin state annotations on a 
predominantly silenced scaffold (contig13522 from 500,000 to 1,500,000 bp) showing the prevalence 
of ‘ReprPC’ and ‘ReprPCWk’ states. For the definition of chromatin states see panel (A). Coding 
genes (purple) and long non-coding RNAs (blue) are shown, along with signal coverage tracks 
showing CEL-seq expression in adult. A grey scale indicates CEL-seq expression level: white (no-
expression); black (highest expression).   
 
The antibodies used target the following histone H3 PTMs: (i) monomethylated lysine 
4 (H3K4me1), associated with distal cis-regulatory elements such as enhancers; (ii) 
trimethylated lysine 4 (H3K4me3), enriched in active promoters; (iii) trimethylated lysine 36 
(H3K36me3), found with actively transcribed regions; (iv) trimethylated lysine 27 
(H3K27me3), enriched in Polycomb-silenced regions; and (v) acetylated lysine 27 
(H3K27ac), which occurs around activated regulatory regions. We also used an antibody 
against total histone H3 (Appendix C: Table S4.1). An antibody against unphosphorylated 
Ser2 residues of RNA polymerase II (RNAPII 8WG16) C-terminal domain also was included 
(Brookes and Pombo, 2009) (Appendix C: Table S4.1). As the entire amino acid sequence 
of histone H3 is perfectly conserved in Amphimedon, along with the relevant histone 
methyltransferases and acetyltransferases, these antibodies are predicted to recognize the 
correct epitopes (Appendix C: Fig. S4.1; Appendix C: Table S4.2, S4.3). These antibodies 
recognize the correct epitopes in even more distantly related organisms (i.e., non-metazoan 
eukaryotes) (e.g., (Barraza et al., 2015; Eckalbar et al., 2016; Ercan et al., 2009; Harmeyer 
et al., 2015; Liu et al., 2007; Sebé-Pedrós et al., 2016).  
 
ChIP-seq reads generated from immunoprecipitated and input (whole-cell extract) 
DNA were aligned to the Amphimedon genome (Srivastava et al., 2010), resulting in highly 
reproducible data sets (Appendix C: Fig. S4.2; Appendix C: Table S4.4). We further 
validated these ChIP-seq data performing ChIP-qPCR validations for H3K4me3 (n =10), 
H3K27ac (n =20), H3K4me1 (n =21) and H3K27me3 (n =10) (Appendix C: Table S4.5). 
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Uniquely mapped reads were subsequently used to identify a set of distinct chromatin states 
based on the five different histone H3 PTMs we assayed. Specifically, chromatin states were 
predicted throughout the genome training a multivariate Hidden Markov Model with different 
a priori defined states (from 5 to 15) (Materials and Methods). We elected to use a 9-state 
model for all further analyses as it covered all major gene coding and regulatory components 
(promoter, enhancer, gene body) that we expected to resolve with this selection of histone 
H3 PTMs. Despite the inherent cellular heterogeneity of our starting material, we were able 
to resolve specificities towards gene components between these nine chromatin states. 
They fell into two broad categories: one that correlated with actively transcribed genes that 
include active promoters (‘TssA’) and enhancers (‘TxEnhA’, ‘EnhWk’), and 5’ and 3’ 
boundaries of transcribed genes (‘TxFlnk’); and another category with genes with no or little 
detectable transcription; these include bivalent or poised regulatory (‘BivTx’, ‘EnhP’), 
repressed Polycomb (‘ReprPC’, ‘ReprPCWk’), and quiescent (‘Quies’) states (Fig. 4.1B-D). 
The nine chromatin states differentially associated with specific Amphimedon genomic 
features. For instance, the ‘TssA’ state (defined by the presence of H3K4me3) was enriched 
around transcription start sites (TSSs) of active genes. ‘TxEnhA’ state (defined by 
H3K4me1, H3K27ac, and H3K36me3 enrichment) associated with coding exons and introns 
that correspond to potential cis-regulatory elements and short intergenic regions, which are 
common in the Amphimedon genome (Birnbaum et al., 2012; Fernandez-Valverde et al., 
2015; Fernandez-Valverde and Degnan, 2016; Kowalczyk et al., 2012; Kundaje et al., 2015; 
Ritter et al., 2012; Singer et al., 2015; Zentner and Scacheri, 2012; Zentner et al., 2011). In 
contrast, the ‘ReprPC’ states (defined by H3K27me3 enrichment) were spread through the 
gene bodies of repressed genes, consistent with the known role of H3K27me3 in 
transcriptional silencing (Ho et al., 2014; Zhou et al., 2011) (Fig. 4.1B-D; Appendix C: Fig. 
S4.2, S4.3).  
 
Despite being comprised of different cell types and having a distinct gene expression 
profile from the adult, the larval genome possesses a remarkably similar set of chromatin 
states (Appendix C: Fig. S4.4). Obtaining consistent chromatin states based on histone 
PTMs ChIP-seq data from two markedly different stages of the Amphimedon life cycle 
provides corroborating evidence that this sponge possesses the same regulatory states as 
present in eumetazoans.  
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4.2.2 Histone PTMs and the tuning of gene expression in Amphimedon 
 
To investigate the distribution of histone H3 PTMs in Amphimedon genes, we 
calculated the average enrichment of histone H3 PTMs and RNAPII relative to the TSSs of 
protein-coding genes. Input-normalized ChIP-seq read coverage revealed a strong 
unimodal H3K4me3 peak positioned immediately after the TSS of expressed genes that co-
localizes with H3K27ac and RNAPII (Fig. 4.2A; Appendix C:  Fig. S4.5; Appendix C: Fig. 
S4.6A). Additionally, H3K4me3 marked (i) genes with head-to-head orientation that may be 
under the control of a bidirectional promoter (a common feature in the Amphimedon genome 
(Fernandez-Valverde and Degnan, 2016)), and (ii) alternative TSSs (Appendix C: Fig. S4.7). 
This is consistent with H3K4me3 being promoter-proximal and positioned on the +1 
nucleosome (Ho et al., 2014; Lenhard et al., 2012; Zhou et al., 2011).  
 
A prominent nucleosome-depleted region was observed right upstream of the TSS 
of expressed genes (likely corresponding to the proximal promoter) followed by a narrowly 
localized nucleosome (the +1 nucleosome) (Appendix C: Fig. S4.8D), suggesting that the 
interplay between nucleosome positioning and transcription is conserved in sponge 
promoters (Bai and Morozov, 2010; Jiang and Pugh, 2009; Roy et al., 2010; Schwaiger et 
al., 2014; Sebé-Pedrós et al., 2016). Overall, the distribution of histone H3 PTMs in 
Amphimedon correlated with the expression state of its genes, as in eumetazoans (Roy et 
al., 2010; Schwaiger et al., 2014) (Fisher’s exact test, FDR adjusted P-value <0.05) (Fig. 
4.2B, 4.2C; Appendix C: Fig. S4.6B-D).  
 
To investigate the dynamics of histone PTMs in genes regulated throughout 
Amphimedon development, we analysed CEL-seq data (Anavy et al., 2014; Hashimshony 
et al., 2012; Levin et al., 2016), comprising of 82 Amphimedon developmental samples from 
early cleavage to adult compressed into 17 stages, in the context of ChIP-seq profiles of 
total histone H3, H3K4me3, and RNAPII. We selected genes with the highest median 
absolute deviation for gene expression across these 17 Amphimedon developmental stages 
(effectively measuring the amplitude of change in expression levels for a given gene), 
resulting in a set of 3,200 ‘high-variance’ expressed genes (Appendix C: Fig. S4.8A). The 
remaining expressed genes were defined as ‘low-variance’ genes (3,999) (see Methods for 
the complete list of selection criteria).  
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Figure 4.2 Histone PTMs are correlated with gene expression variations during development.  
(A) TSS-centred average input DNA normalised read coverage plot of H3K4me3 across Amphimedon 
protein-coding genes. The x-axis spans +/- 3 kb around TSSs and represents the position within the 
gene relative to TSS. The y-axis represents the input DNA normalised enrichment for H3K4me3 
ChIP-seq reads in adult Amphimedon. Pink line: Non-expressed genes. Blue line: Low expressed 
genes. Orange line: Medium expressed genes. Light blue line: High expressed genes. The shaded 
gray area represents the average size of Amphimedon coding sequences. (B) Example of coding genes 
marked by H3K4me3 peaks. The genomic window shows input DNA-normalized H3K4me3 
coverage and RNA-seq expression in both larva and adult. (C) The association of regions of 
enrichment of five histone H3 PTMs (H3K4me3, H3K27ac, H3K4me1, H3K36me3 and H3K27me3) 
and RNAPII with lists of various gene expression groups in adult is shown. The color key represents 
the log2(odds ratio) and the significant adjusted P-values (Fisher’s exact test) are superimposed on 
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the grids. A P-value of zero means the overlap is highly significant. N.S.: not significant. Odds ratio 
represents the strength of association. (D) TSS-centred average input DNA normalised read coverage 
plots of H3K4me3 and RNAPII across ‘high-variance’ and ‘low-variance’ protein-coding genes. The 
x-axis spans +/- 3 kb around TSSs and represents the position within the gene relative to TSS. The y-
axis represents the input DNA normalised enrichment for ChIP-seq reads in adult Amphimedon. Light 
blue: high-variance coding genes. Orange line: low-variance coding genes. The shaded gray area 
represents the average size of Amphimedon coding sequences. (E) Top five most significantly 
enriched Gene Ontology (GO) terms for high-variance and low-variance protein-coding genes 
(adjusted P-values in brackets, Hypergeometric test). The full GO table is shown in Appendix C: 
Table S4.6. 
 
It is noteworthy that the high-variance genes were, on average, also expressed at 
higher levels than the low-variance genes (average adult expression of 51 vs 7 CEL-seq 
normalized counts, respectively). The TSSs of high-variance genes were strongly marked 
by H3K4me3 and occupied by RNAPII (Fig. 4.2D; Appendix C: Fig. S4.8B). Additionally, 
they showed nucleosome depletion right upstream of the TSSs (seen as lack of total histone 
H3 signal), consistent with the notion that H3K4me3 near TSSs destabilizes the interaction 
between histones and DNA to direct RNAPII to facilitate binding of promoter regulator 
elements and initiate transcription (Boeger et al., 2003; Ha et al., 2011; Jiang and Pugh, 
2009) (Appendix C: Fig. S4.8D). Conversely, lower levels of H3K4me3 or RNAPII (Mann-
Whitney U test, P-value =0.05287 and P-value <2.2e-16, respectively; Fig. 4.2D; Appendix 
C: Fig. S4.8C) but higher nucleosome occupancy characterized low-variance genes (seen 
as lack of nucleosome depletion right upstream of the TSSs; Appendix C: Fig. S4.8D). These 
results are consistent with H3K4me3 being predictive of gene expression levels (Ha et al., 
2011; Karlić et al., 2010). 
 
The distinctive landscapes of histone PTMs in high-variance and low-variance genes 
also correlated with distinct functional related gene groups, as indicated by Gene Ontology 
(GO) and KEGG pathway analyses. High-variance genes, which also include a significantly 
higher number of transcription factor gene families (e.g., JUN and ATF6 (Jindrich and 
Degnan, 2016)) compared to low-variance genes (Fisher’s exact test, P-value =3.872e-08), 
were predominantly enriched in signaling pathways (Hypergeometric test, FDR adjusted P-
value <0.01; Fig. 4.2E; see Appendix C: Table S4.6 and Table S4.7 for the complete list). In 
contrast, low-variance genes were enriched for metabolic GO terms (Fig. 4.2E; see 
Appendix C: Table S4.6 and Table S4.7 for the complete list). This result is consistent with 
  71 
H3K4me3 being important for tuning the gene expression of dynamically expressed 
developmental genes, e.g., transcription factor and signaling genes. However, it remains 
unclear whether H3K4me3 is needed for high levels of gene expression or if it is needed for, 
or associated with, frequent switching of transcriptional status.  
 
4.2.3 Absence of H3K4me3 in strongly developmentally regulated genes appear to be a 
metazoan conserved feature  
 
The recent finding that transcription of a subpopulation of extremely dynamically 
expressed genes – typically being expressed at only one stage of development – in 
Drosophila and C. elegans occurs in the absence of H3K4me3 challenged the canonical 
role of histone PTMs in the modulation of gene expression (Perez-Lluch et al., 2015). To 
test whether this newly-discovered feature is conserved in non-bilaterians, we interrogated 
above-mentioned CEL-seq data (Anavy et al., 2014; Hashimshony et al., 2012; Levin et al., 
2016), comprising 82 Amphimedon developmental samples from early cleavage to adult 
compressed into 17 stages, and arbitrarily selected, similarly to Perez-Lluch et al. (Perez-
Lluch et al., 2015), the 1,000 genes with the lowest coefficients of variation (‘stable’ genes) 
expressed with minor changes throughout development. Conversely, the 1,000 genes with 
the highest coefficients of variation were defined as ‘regulated’ genes. Notably, the 
‘regulated’ genes consisted of a small population of genes that differed from the ‘high-
variance’ genes described above in having much more restricted expression patterns, 
mainly expressed at late juvenile and/or adult stage (Appendix C: Fig. S4.9). Although stable 
and regulated genes had similar levels of RNAPII and total histone H3 (Appendix C: Fig. 
S4.9A, S4.9B), the stable genes were strongly marked by H3K4me3 and the regulated 
genes had significantly lower levels of H3K4me3 (Mann-Whitney U test, P-value =7.431e-
05; Fig. 4.3A), suggesting that reduction in H3K4me3 levels does not affect expression of 
the regulated genes (Perez-Lluch et al., 2015).  
 
We compared the pattern of H3K4me3 between one of the top three stably expressed 
genes during sponge development (Aqu2.1.40735_001, a E3 ubiquitin-protein ligase), and 
the gene with the highest coefficient of variation (Aqu2.1.39666_001, a putative sponge-
specific gene specifically expressed in adult) (Fig. 4.3B).  
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Figure 4.3 Expression without H3K4me3 in strongly developmentally regulated genes.  
(A) TSS-centred average input DNA normalised read coverage plot of H3K4me3 across ‘regulated’ 
and ‘stable’ protein-coding genes during Amphimedon development. The x-axis spans +/- 3 kb around 
TSSs and represents the position within the gene relative to TSS. The y-axis represents the input DNA 
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normalised enrichment for H3K4me3 ChIP-seq reads in adult Amphimedon. Light blue line: first 500 
regulated genes. Orange line: second 500 regulated genes. Purple line: first 500 stable genes. Pink 
line: second 500 stable genes. The shaded gray area represents the average size of Amphimedon 
coding sequences. (B) Input DNA-normalized H3K4me3 coverage and RNA-seq expression in adult 
for Aqu2.1.40735_001, a gene stably expressed during Amphimedon development, 
Aqu2.1.39666_001, a regulated gene with adult-specific expression, and Aqu2.1.34366_001, a 
regulated gene with larva-specific expression. (C) TSS-centred average input DNA normalised read 
coverage plot of H3K4me3 across ‘regulated’ and ‘stable’ protein-coding genes during Nematostella 
vectensis development. The x-axis spans +/- 3 kb around TSSs and represents the position within the 
gene relative to TSS. The y-axis represents the input DNA normalised enrichment for H3K4me3 
ChIP-seq reads in Nematostella adult female polyps. The shaded gray area represents the average size 
of Nematostella coding sequences. 
 
The former showed a strong H3K4me3 enrichment at the TSS, whereas the latter 
lacked any marking, though its expression in the adult was ~70 times higher than the stable 
gene (33 vs 2361 CEL-seq normalized counts in adult, respectively). This lack of H3K4me3 
at the TSS of regulated genes was similarly observed in the larva, exemplified here by a 
larva-specific regulated gene (Aqu2.1.34366_001) expressed 3.5-fold higher than the 
above-mentioned stable gene (Aqu2.1.40735_001) (147 vs 43 CEL-seq normalized counts 
in larva, respectively) (Fig. 4.3B). Additionally, as shown in Drosophila (Perez-Lluch et al., 
2015), regulated genes showed higher levels of H3K27me3 (Mann-Whitney U test, P-value 
<6.517e-06) and lower levels of H3K36me3 (Mann-Whitney U test, P-value <9.235e-08) 
than did stable genes (Appendix C: Fig. S4.9C, S4.9D). Analyzing RNA-seq–based gene 
expression through the development of the cnidarian Nematostella vectensis (Helm et al., 
2013) and previously published ChIP-seq data sets in Nematostella adult female polyps 
(Schwaiger et al., 2014), we obtained the same pattern (Mann-Whitney U test, P-value 
<2.2e-16; Fig. 4.3C). 
 
These results suggest that H3K4me3 might not be instrumental for extremely 
dynamic developmental expression and enforces our interpretation that it is required for 
tuning the levels of gene expression, a pattern that appears to be a conserved metazoan 
feature (Perez-Lluch et al., 2015). 
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4.2.4 Polycomb Repressive Complex 2 (PRC2) is conserved in Amphimedon and its binding 
sites contain putative GAGA factor binding motifs 
 
PRC2 is responsible for the trimethylation of lysine 27 of histone H3 (H3K27me3), 
one of the best-characterized repressive histone H3 PTMs (Margueron and Reinberg, 
2011). As a step to investigate a putative mechanism of PRC2-mediated silencing in 
Amphimedon, we identified the sponge homologs of Drosophila PRC2 components and 
found that the Amphimedon genome contains four copies of E(z) homologs, two copies of 
ESC homologs and one copy for each of the remaining components, SU(z)12 and Nurf55 
(Fig. 4.4A; Appendix C: Table S4.8).  
 
 
Figure 4.4 DNA motifs overrepresented in H3K27me3 transcriptionally silenced regions.  
(A) Diagram representing the composition of Drosophila PRC2 complex and its four core 
components: the catalytic subunit of the complex E(z), the zinc finger protein SU(z)12, the WD-
repeat protein ESC and the histone-binding protein Nurf55. E(z) is responsible for the main enzymatic 
activity of PRC2, which is to trimethylate histone H3 at lysine 27, yielding H3K27me3. Adapted 
from (Vissers et al., 2012). The presence (green) or absence (orange) of PRC2 and its core 
components in the different opisthokont species represented in the phylogenetic tree (left) is shown. 
Amphimedon is highlighted in green. (B) Sequence logos of a subset of the DNA motifs determined 
by MEME-ChIP analysis to be significantly enriched in the transcriptionally silenced regions marked 
by H3K27me3 in adult Amphimedon. For each motif, the best TOMTOM match to a motif in the 
JASPAR CORE and UniPROBE mouse databases, the E-value and the number of sites contributing 
to the construction of the motif are shown, respectively. The matched motif is shown on the top and 
the query motif is shown on the bottom. 
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PRC2 recruitment has been best characterised in Drosophila where PRC2 proteins 
repress their target genes by recruitment to Polycomb Response Elements (PREs), which 
contain binding sites for sequence-specific DNA binding proteins, including GAGA factor 
and members of the Krüppel-like factor family (Brown et al., 2005; Kassis and Brown, 2013; 
Müller and Kassis, 2006; Simon and Kingston, 2009; Strutt et al., 1997). To test whether 
Amphimedon PRC2 complexes might be recruited via a similar mechanism, we used the 
transcriptionally silenced regions marked by H3K27me3 in a de novo motif analysis 
(Methods). We searched for short motifs (6-15 bp) on the basis that the known interaction 
sites of PRE-binding proteins in Drosophila are of approximately this length (~8 bp). 
Conserved binding motifs similar to the GAGA and Krüppel-like factors, in addition to binding 
motifs similar to homeodomain-containing developmental regulators (e.g., Irx family 
members), were significantly enriched (E-value <0.05) in the DNA associated with the 
H3K27me3 silenced regions in both adult and larva (Fig. 4.4B; Appendix C: Fig. S4.10). As 
in eumetazoans, this result suggests that Amphimedon PRC2 complexes are likely to be 
recruited through PRE-like sequences and may target developmental regulators for 
H3K27me3 deposition and transcriptional silencing (Boyer et al., 2006; Di Croce and Helin, 
2013; Margueron and Reinberg, 2011). 
 
4.2.5 Subset of Amphimedon lincRNAs is associated with an enhancer-like chromatin state 
 
An additional layer of regulatory complexity in eumetazoan development is provided 
by long intergenic non-coding RNAs (lincRNAs) (Hezroni et al., 2015; Quinn and Chang, 
2016; Ulitsky, 2016), which have been recently demonstrated to be developmentally 
expressed in sponges (Bråte et al., 2015; Gaiti et al., 2015). Here, we extended these 
analyses and analyzed the chromatin states of Amphimedon long intergenic ncRNAs 
(lincRNAs) (23), avoiding lncRNAs in protein-coding sequence introns or antisense to 
coding genes, which may yield ambiguous signals. 
 
Previous studies have shown that the ratio of H3K4me1-to-H3K4me3 marks around 
TSSs can separate lincRNAs into enhancer-like lincRNAs (elincRNAs; high H3K4me1-to-
H3K4me3 ratio) and canonical promoter-like lincRNAs (plincRNAs; low H3K4me1-to-
H3K4me3 ratio) (Ilott et al., 2014; Marques et al., 2013; Sebé-Pedrós et al., 2016). Thus, to 
explore whether sponge lincRNAs might originate from enhancer regions, we interrogated 
our ChIP-seq data sets and calculated the relative ratio of H3K4me1-to-H3K4me3 in a 4 kb 
window centered on lincRNA TSSs.  
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Figure 4.5 Amphimedon lincRNA populations defined by histone PTM signatures.  
(A) Heatmap showing the average read normalised coverage of H3K4me1, H3K4me3 and their ratio 
in adult Amphimedon across a 4 kb interval centred on TSSs of lincRNAs. Each line of the heatmaps 
represents a single lincRNA (y-axis). Profiles are sorted based on the differences in enrichment 
between H3K4me1 and input DNA, and H3K4me3 and input DNA, respectively. Also provided is 
the H3K4me1:H3K4me3 log2(ratio) around TSSs. (B) Enrichment of H3K4me1 (left) and H3K4me3 
(right) (ChIP versus input) at plincRNAs and elincRNAs. P-values are indicated for Mann-Whitney 
U test. (C) Example of lincRNAs with promoter-like chromatin signature (plincRNAs). For the 
definition of adult chromatin states see Fig. 4.1A. Promoter-like lincRNAs (blue) are shown, along 
with input DNA-normalized coverage of different histone modifications and RNA-seq expression in 
adult. (D) Same as (C) but for lincRNAs with enhancer-like chromatin signature (elincRNAs).  
 
Only lincRNAs in scaffolds larger than 10 kb that overlapped with regions of 
enrichment of H3K4me1, H3K4me3, and RNAPII were used in this analysis (n =217). 
Similarly to Ilott et al. (Ilott et al., 2014), we arbitrarily adopted a H3K4me1-to-H3K4me3 ratio 
of >1.2 and <0.8 to define elincRNAs and plincRNAs, respectively. Based on these criteria, 
we found 153 putative elincRNAs (70%) significantly enriched for H3K4me1 over H3K4me3 
(Mann-Whitney U test, P-value =2.272e-05) and 21 (10%) putative plincRNAs with canonical 
promoter signature, i.e., higher enrichment of H3K4me3 over H3K4me1 (Mann-Whitney U 
test, P-value =1.925e-07). 43 (20%) lincRNAs could not be assigned to either group, that is, 
0.8<H3K4me1-to-H3K4me3<1.2 (Fig. 4.5B-D; Appendix C: Table S4.9; Appendix C: Fig. 
S4.11).  
 
These results indicate that sponge lincRNAs can be separated in two distinct 
populations of poly(A)+ transcripts based on the chromatin status at their TSSs. Although 
these two populations resemble those found in human, mouse and Capsaspora lincRNAs 
(Ilott et al., 2014; Marques et al., 2013; Sebé-Pedrós et al., 2016), their functional 
significance is yet to be determined. 
 
4.2.6 Identification of enhancer elements in Amphimedon  
 
To identify putative enhancer elements in Amphimedon in silico, we selected distal 
H3K4me1 regions of enrichment (high confidence regions, representing reproducible events 
across true biological replicates) that did not overlap TSSs (±200 bp) of protein-coding 
genes and lncRNAs, but overlapped with regions designated as being in an enhancer 
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chromatin state based on the ChromHMM analysis (‘TxEnhA’ or ‘EnhWk’ or ‘EnhP’ state in 
adult; ‘TxEnhA1’ or ‘TxEnhA2’ or ‘EnhWk’ or ‘EnhP’ state in larva, which consist of typical 
eumetazoan enhancer histone H3 PTM patterns) (Fig. 4.6A). A subset of these regions was 
also marked by H3K27ac, and therefore likely to be transcriptionally active (Fig. 4.6A, 4.6B; 
Appendix C: Table S4.10). These predicted activated enhancer-like regions showed a 
significant enrichment of H3K4me1 and H3K27ac over H3K4me3 (Mann-Whitney U test, P-
value <2.2e-16; Fig. 4.6C; Appendix C: Fig. S4.12), a biochemical signature typical of 
eumetazoan enhancers (Schwaiger et al., 2014). Interestingly, RNAPII occupied some of 
these Amphimedon predicted activated enhancer-like elements (35% and 41% in adult and 
larva, respectively), suggesting poly(A)+ enhancer RNAs are transcribed from these regions 
(Kim et al., 2010; Li et al., 2016; Natoli and Andrau, 2012) (Fig. 4.6A-D; Appendix C: Fig. 
S4.13). Alternatively, but not exclusively, this might represent the result of chromatin looping 
and the simultaneous pulldown of both enhancers and promoters with the RNAPII antibody 
(Shlyueva et al., 2014). 
 
In eumetazoans, genes encoding transcriptional regulators are themselves regulated 
by multiple enhancer elements (Bogdanović et al., 2012; Heintzman et al., 2009; Negre et 
al., 2011; Schwaiger et al., 2014; Shlyueva et al., 2014; Woolfe et al., 2005). We therefore 
performed de novo motif analysis and, despite the limited power of motif detection due to 
inherent cellular heterogeneity of our starting material, we were able to show that consensus 
binding motifs of key developmental transcription factor families were over-represented in 
the adult predicted activated enhancer-like sequences, including Zinc finger, Irx, SOX and 
POU binding motifs (Fig. 4.6E; Appendix C: Fig. S4.14). It is noteworthy that Zinc fingers 
can also be involved in roles that might be unrelated to directly regulating gene expression 
per se, e.g., chromatin remodeling (Wysocka et al., 2006). Similar binding motifs were 
obtained analysing the larva predicted activated enhancer-like sequences (Appendix C: Fig. 
S4.15). 
 
Next, we examined whether the sponge predicted activated enhancer-like elements 
were preferentially located next to protein-coding genes involved in development and/or 
transcriptional regulation. By searching for the closest located TSSs to each of the predicted 
activated enhancer-like elements in Amphimedon, we nominated putative target protein-
coding genes. Akin to eumetazoans, these nearest neighbor genes were significantly 
enriched for Gene Ontology (GO) terms associated with transcription factor activity and 
developmental processes (Hypergeometric test, FDR adjusted P-value <0.01) (Fig. 4.6F) 
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and comprised several transcription factors, including SOX2, FOS and NF-kB (Fig. 4.6D; 
Appendix C: Fig. S4.16; Appendix C: Table S4.11-4.14).  
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Figure 4.6 Distal enhancer regulation at the dawn of animals.  
(A) Overview of the computational filtering pipeline adopted to predict the putative Amphimedon 
activated enhancer-like elements. See main text and Materials and Methods for details. (B) Heatmap 
showing different histone modifications enrichment at predicted activated enhancer-like elements (±2 
kb of flanking regions). (C) Boxplot showing enrichment of different histone modifications (ChIP 
versus input) at predicted activated enhancer-like elements, showing that activated enhancer-like 
elements have higher H3K4me1 than H3K4me3 levels, a typical characteristic of eumetazoan 
enhancers. Four asterisks (****) indicate P-values <2.2e-16 for Mann-Whitney U test between 
H3K4me3 and H3K27ac, between H3K4me3 and H3K4me1, and between H3K4me3 and RNAPII, 
respectively. (D) Example of predicted activated enhancer-like elements. Protein coding genes 
(purple) are shown, along with input DNA-normalized coverage of different histone modifications 
and RNA-seq expression in adult. Regions of enrichments (high confidence peaks, representing 
reproducible events across true biological replicates) corresponding to the predicted activated 
enhancer-like elements are highlighted in grey. (E) Sequence logos of the DNA motifs determined 
by MEME-ChIP analysis enriched in the adult predicted activated enhancer-like sequences. For each 
motif, the best match to a motif in the JASPAR CORE and UniPROBE mouse databases, the E-value 
and the number of sites contributing to the construction of the motif are shown, respectively. The 
matched motif is shown on the top and the query motif is shown on the bottom. (F) Gene Ontology 
(GO) enrichment activities of the nearest neighbor protein-coding genes of the adult predicted 
activated enhancer-like elements are shown. Bar length indicates the significance of the enrichment 
(Hypergeometric test; -log10(adjusted P-value)). Only the top ten GO biological process terms are 
shown. See Appendix C: Table S4.11 for the complete list. (G) Boxplot showing the size of introns 
that harbour adult activated enhancer-like elements versus all introns in the genome. The y-axis 
indicates the intron size (bp) in log scale. P-value is indicated for Mann–Whitney U test. 
 
Vertebrates exhibit expansive intergenic regions where the majority of predicted 
enhancers are located (Djebali et al., 2012; ENCODE Project Consortium, 2012). In 
contrast, in Amphimedon, which has a highly compact genome with minimal intergenic 
regions (Fernandez-Valverde and Degnan, 2016), predicted activated enhancer-like 
elements were predominantly intragenic, with only a minority found in intergenic regions (9% 
and 20% in adult and larva, respectively) (Fernandez-Valverde and Degnan, 2016). This, 
along with the strong enrichment of chromatin states typically associated with eumetazoan 
enhancers – ‘TxEnhA’ and ‘EnhWk’ – in introns (Fig. 4.1A; Appendix C: Fig. S4.4), suggests 
a similar overall genomic distribution between Amphimedon, Nematostella and Drosophila 
enhancer elements (Arnold et al., 2013; Negre et al., 2011; Schwaiger et al., 2014). Greater 
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intron length often associates with the presence of highly conserved non-coding elements 
(Irimia et al., 2011). We, therefore, extracted the introns that harbour predicted activated 
enhancer-like elements and compared their size distribution to the size of all intronic regions 
found across the genome. The former were significantly longer than the average genomic 
intron size, with a mean of 332 bp and 256 bp, and a median of 99 bp and 71 bp, respectively 
(Ansari-Bradley test, P-value =0.06151; Mann-Whitney U test, P-value =1.927e-06) (Fig. 
4.6G), suggesting that a cis-regulatory expansion appear to have occurred primarily in 
intronic rather than intergenic regions in Amphimedon.  
 
4.2.7 Cis-regulation constrains genome architectures over 700 Myr of evolution 
 
Highly conserved non-coding regulatory elements are often associated not only with 
greater intron length, but also with genes encoding developmental regulators (Sandelin et 
al., 2004; Vavouri et al., 2007; Woolfe et al., 2005). Particularly interesting are the conserved 
ancestral microsyntenic pairs (herein microsyntenic units) that consist of either (i) two 
neighbor genes that share common cis-regulatory elements, or (ii) a developmental 
regulator and nearby functionally unrelated gene(s), whose introns harbor conserved cis-
regulatory elements (Engström et al., 2007; Irimia et al., 2013; Irimia et al., 2012; Kikuta et 
al., 2007; Naville et al., 2015). Experimental evidences have been provided for the existence 
of this type of cis-regulation in vertebrates (Irimia et al., 2012; Naville et al., 2015).  
 
To test whether this is an ancient cis-regulatory mechanism maintained through 
animal evolution, we assessed the spatial relationship between the genes of each of the 80 
microsyntenic units previously reported to be present in the Amphimedon genome (Irimia et 
al., 2012) and clarified their orthology, confirming the presence of 60 unambiguous 
microsyntenic units. Remarkably, 43 of these 60 evolutionary conserved metazoan 
microsyntenies contain putative enhancer-like signatures in Amphimedon adult (Fig. 4.7A; 
Appendix C: Table S4.15; Appendix C: Fig. S4.17). This was a much higher fraction relative 
to a control set consisting of 60 pairs of two randomly selected nonsyntenic neighbor genes 
(1,000 iterations; P-value <1e-5). This pattern was substantiated by the finding of larva 
enhancer-like signatures in 16 of the 60 microsyntenic units, seven of which contained both 
larva and adult predicted enhancer-like elements (Fig. 4.7A; Appendix C: Table S4.15; 
Appendix C: Fig. S4.17).  
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A striking case of conserved gene linkage involves the Islet LIM homeobox gene (Isl), 
which plays conserved roles in animal development (Liang et al., 2011; Thor and Thomas, 
1997), and Scaper (S-phase cyclin A-associated protein in the ER) (Fig. 4.7B). The 
Amphimedon Scaper contains 25 introns, some of which are considerably longer (>1 kb) 
than the mean intron size (Fernandez-Valverde et al., 2015), and predicted enhancer-like 
elements located within its intron 10, 17 and 21 (Fig. 4.7C). Likewise, the microsynteny of 
Tfap4 (transcription factor AP-4) (Simionato et al., 2007) and Glis2 (GLIS family zinc finger 
2) is deeply conserved. Similar to an observation in vertebrates (Abbasi et al., 2007), the 
sponge Glis2 contains 2 introns, of which the second harbors several adult predicted 
activated enhancer-like elements (Appendix C: Table S4.15; Appendix C: Fig. S4.17). 
 
 
 
Figure 4.7 Amphimedon enhancer-like elements are enriched in metazoan-specific 
microsyntenic units.  
(A) Putative adult and larva enhancer-like signatures identified in the 60 metazoan-specific 
microsyntenic pairs investigated. (B) The cladogram represents known phylogenetic distribution of 
the Isl2-Scaper microsyntenic gene pair across opisthokonts. The orientation of the arrow 
corresponds to gene orientation. Isl2-Scaper is not conserved in yeast, Capsaspora, Nematostella and 
C. elegans. (C) Enhancer elements in the Isl-Scaper microsyntenic gene pair locus in Amphimedon. 
Scaper and Isl genes (purple) are shown, along with input DNA-normalized coverage of H3K4me3 
and H3K4me1 and RNA-seq expression in both adult and larva. Regions of enrichments (high 
confidence peaks, representing reproducible events across true biological replicates) corresponding 
to the predicted enhancer-like elements located within the introns of Scaper are highlighted in grey.  
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Together, these results suggest that the genomic location of some cis-regulatory 
elements likely places constraints on the evolution of nearby genes, leading to the 
occurrence of conserved microsyntenic gene blocks across the animal kingdom.  
 
4.3 Discussion  
 
Since their point of divergence over 700 Mya, sponges and eumetazoans have had 
radically different evolutionary histories, with the eumetazoan ancestor giving rise to a range 
of morphologically-complex body plans, and the sponge ancestor yielding one basic 
morphologically-simple body plan. As both these lineages share a remarkably similar 
repertoire of developmental gene families (Larroux et al., 2008b; Richards et al., 2008; 
Srivastava et al., 2010), these different evolutionary trajectories have yet to be reconciled in 
terms of genome content and organization. Recently it has been shown that, despite having 
a highly compact genome with minimal intergenic regions (Fernandez-Valverde and 
Degnan, 2016), Amphimedon displays dynamic developmental gene expression akin to 
eumetazoans (Gaiti et al., 2015; Levin et al., 2016). By generating the first, to our knowledge, 
comprehensive genome-wide maps of histone H3 PTMs and putative enhancer elements in 
a non-eumetazoan animal, we determine that this transcriptional complexity is paralleled by 
regulatory complexity encoded by combinatorial histone H3 PTM patterns in this sponge.  
 
4.3.1 Histone H3 PTMs have conserved role(s) in the modulation of gene expression across 
metazoans  
 
Despite Amphimedon’s morphological simplicity, we find strong evidence in this 
sponge for the existence of a range of regulatory states that underlie eumetazoan 
development. For instance, the genome-wide promoter analysis of H3K4me3 – the 
canonical and widespread eukaryotic histone H3 PTM of active transcription – reveals a 
complex correlation between H3K4me3-containing nucleosome occupancy and gene 
expression in Amphimedon adults and larvae, consistent with an active and finely tuned role 
for H3K4me3 in modulating transcriptional activity and expression variability of 
developmental genes. Unexpectedly, we identify a small subpopulation of highly and 
specifically expressed genes that challenge this premise and are transcribed in the absence 
of H3K4me3 in Amphimedon and Nematostella. This subpopulation of genes differs from 
most other developmentally-expressed genes that possess the H3K4me3 mark, in having 
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much more stage-restricted expression profiles; in this analysis, most are expressed only in 
one stage of development.  
 
Although it could be argued that this apparent absence of H3K4me3 is the 
consequence of the expression of regulated genes being spatially confined to specific cell 
populations, thus potentially limiting our detection sensitivity with our cell admixture ChIP-
seq, these results run parallel to the recent finding by Perez-Lluch et al.  (Perez-Lluch et al., 
2015) that Drosophila and C. elegans exhibit the same pattern, suggesting that this newly-
discovered feature is conserved across the animal kingdom. As the expression of the 
developmentally regulated genes is required only for a limited period, the absence of 
H3K4me3 mark would allow their rapid on-off switching. Alternative mechanisms, such as 
the transient binding of transcription factors, appear to play a major role in regulating the 
expression of these genes (Perez-Lluch et al., 2015; Pérez-Lluch et al., 2015).  
 
4.3.2 Model of an evolutionarily conserved mechanism of PRC2-mediated gene silencing  
 
Polycomb Repressive Complex 2 (PRC2) primarily trimethylates histone H3 on lysine 
27 and has been conserved throughout opisthokonts evolution, with its core subunits (E(z), 
SU(z)12, ESC and Nurf55) being present in animals, choanoflagellates and multicellular 
fungi, but absent in Capsaspora, and budding and fission yeast (Connolly et al., 2013; 
Ikeuchi et al., 2015; Jamieson et al., 2013; Margueron and Reinberg, 2011; Sebé-Pedrós et 
al., 2016; Shaver et al., 2010; Whitcomb et al., 2007) (Fig. 4.4A). This is consistent with 
PRC2 complex being lost in several unicellular lineages. One of the ancestral roles of PCR2 
in opisthokonts may have been in defense response against viruses and transposable 
elements, or insertion of new genes (Jamieson et al., 2013), prior to being co-opted for cell-
type specific developmental regulation in multicellular animals, where H3K27me3 and PRC2 
are required for transmitting the memory of repression across generations and during 
development (Barski et al., 2007; Gaydos et al., 2014; Margueron and Reinberg, 2011; 
Shaver et al., 2010). In fact, PRC2 often regulates deposition of H3K27me3 marks at loci 
encoding developmental regulators (Barski et al., 2007; Ha et al., 2011; Margueron and 
Reinberg, 2011). The finding of short conserved developmental transcription factor-binding-
sites in Amphimedon H3K27me3 silenced regions is consistent with this evolutionary 
scenario. 
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Analogous to recent findings in plants (Deng et al., 2013; Hecker et al., 2015), the 
identification of an enriched motif in the H3K27me3 silenced regions similar to the GAGA 
factor binding site, a component of the Drosophila Polycomb group response elements, 
suggests a role for the GAGA factor binding sites in strengthening PRC2 recruitment to 
target genes (Kassis and Brown, 2013; Müller and Kassis, 2006; Simon and Kingston, 
2009). It is noteworthy that a sponge homolog of Drosophila GAGA factor was not identified 
in the current Amphimedon genome assembly (Appendix C: Table S4.8), suggesting the 
convergent co-option of other DNA binding proteins with analogous role(s) in the recruitment 
of PRC2. 
 
4.3.3 The origin of animal distal enhancer regulation 
 
Long-range transcriptional regulation by enhancer elements has been posited to be 
one of the key contributing factors underlying the spatial and temporal coordination of cell 
differentiation that defines animal development (Levine, 2010; Levine et al., 2014; Levine 
and Tjian, 2003; Peter and Davidson, 2011). Our in silico prediction of Amphimedon 
enhancer elements based on histone H3 PTM co-localization patterns is consistent with 
these elements evolving along the metazoan stem at the transition to multicellularity (Sebé-
Pedrós et al., 2016). Interestingly, promoter DNA regulatory elements to allow for context- 
and cell type-specific gene expression also appeared to evolve in stem metazoans 
(Fernandez-Valverde and Degnan, 2016), suggesting these are a critical component of the 
animal cis-regulatory landscape. Amphimedon predicted enhancer-like elements are 
characterized by the same combination of histone H3 PTMs as in eumetazoans, which 
appear to be lacking in unicellular relatives of animals (Bulger and Groudine, 2011; Sebé-
Pedrós et al., 2016). Their preferential association with developmental and transcriptional 
regulators suggests that Amphimedon enhancer elements are likely to regulate 
developmental genes in a manner akin to eumetazoans (Bogdanović et al., 2012; 
Heintzman et al., 2009; Negre et al., 2011; Schwaiger et al., 2014; Shlyueva et al., 2014; 
Woolfe et al., 2005). Enhancer elements are known to be associated with the transcription 
of both short poly(A)- and long poly(A)+ enhancer RNAs (2D and 1D eRNAs, respectively) 
(Kim et al., 2010; Li et al., 2016; Natoli and Andrau, 2012). The presence of RNAPII and the 
detection of expression at a subset of the Amphimedon activated enhancer-like elements is 
consistent with this notion. Although noncoding transcription at these enhancers will need 
to be investigated in detail, this co-occupancy of enhancer elements and RNAPII has also 
been observed in Nematostella and bilaterians (Chen et al., 2013; De Santa et al., 2010; 
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Kim et al., 2010; Li et al., 2016; Schwaiger et al., 2014), where these elements might be 
physically interacting with the transcription-initiation complex at the TSS of their target 
gene(s) (Schwaiger et al., 2014).  
 
Unlike bilaterians, where the transcriptional repressor CCCTC-binding factor (CTCF) 
localizes with cohesin genome-wide and is involved in enhancer-promoter long-range 
interactions and higher-order chromatin structure (Lee and Iyer, 2012; Merkenschlager and 
Odom, 2013; Seitan et al., 2013), Amphimedon lacks CTCF (Heger et al., 2012)}. This likely 
constrains Amphimedon enhancer interactions with the proximal promoter transcriptional 
machinery to short distances. Chromatin looping of enhancers to their target promoters in 
this sponge might therefore occur through a CTCF-independent cohesin binding 
mechanism, as proposed in cnidarians, which also lack CTCF (Schwaiger et al., 2014). 
Alternatively, but not exclusively, RNAPII and its associated transcriptional machinery may 
track through the intervening DNA between enhancers and promoters (Li et al., 2016), and 
might be the preferred mechanism of enhancer-promoter interactions in this sponge. The 
co-occupancy of Amphimedon enhancer-like elements and RNAPII supports this 
mechanism of transcriptional activation. Future studies of the 3D genome architecture will 
be crucial in elucidating the mechanism of enhancer-promoter interaction in this sponge and 
other early-branching non-bilaterian animals lacking this architectural protein. 
 
Finally, we find strong evidence for cis-regulatory elements being important for the 
maintenance of metazoan-specific microsyntenic gene blocks over 700 Myr of evolution. 
The emergence of distal enhancer regulation prior to metazoan cladogenesis could explain 
the pervasiveness of conserved syntenic regulatory blocks in animal genomes and the 
absence of these blocks in their unicellular relatives (Bulger and Groudine, 2011; Duan et 
al., 2010; Irimia et al., 2013; Irimia et al., 2012; Putnam et al., 2007; Sebé-Pedrós et al., 
2016; Srivastava et al., 2010). The strong evidence for enhancer elements being enriched 
in deeply conserved metazoan-specific microsyntenic units suggests that their genomic 
location is likely to constraint genome architecture, leading to the occurrence of conserved 
microsyntenies across the animal kingdom (Irimia et al., 2013; Irimia et al., 2012).  
 
 In conclusion, a conserved gene regulatory landscape similar to that of 
morphologically-complex eumetazoans appears to have been already in place at the dawn 
of animals, and thus likely to have originated at least 700 Mya. Specifically, there appears 
to have been fundamental changes in the cis-regulatory architecture of the genome along 
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the metazoan stem, concomitant with the evolution of animal multicellularity, including the 
apparent origin of distal enhancers and promoter types for cell-type-specificity and 
developmental regulation. 
 
4.4. Materials and Methods 
 
4.4.1 Animal collection  
 
Amphimedon queenslandica adults and larvae were collected from Heron Island 
Reef, Great Barrier Reef, Queensland, Australia, and reared as previously described (Leys 
et al., 2008) 
 
4.4.2 Antibodies 
 
We used a mouse monoclonal antibody against the unphosphorylated C-terminal 
repeat of RNA polymerase II (clone 8WG16, #05-952, Merck Millipore, Billerica, MA), a 
rabbit polyclonal antibody against H3K4me3 (#07-473, Merck Millipore), a rabbit polyclonal 
antibody against H3K27me3 (#07-449, Merck Millipore), a mouse monoclonal antibody 
against H3K4me1 (#17-676, Merck Millipore), a rabbit polyclonal antibody against H3K27ac 
(#07-360, Merck Millipore), a rabbit monoclonal antibody against H3K36me3 (#17-10032, 
Merck Millipore), and a rabbit polyclonal antibody against histone H3 (#07-690, Merck 
Millipore) (Appendix C: Table S4.1). The entire amino acid sequence of histone H3 is 
perfectly conserved between Amphimedon and other eukaryotes where these antibodies 
have been used successfully (Barraza et al., 2015; Eckalbar et al., 2016; Ercan et al., 2009; 
Harmeyer et al., 2015; Liu et al., 2007; Sebé-Pedrós et al., 2016) (Appendix C: Fig. S4.1).  
 
4.4.3 Chromatin Immunoprecipitation (ChIP) assays 
 
Approximately a cm3 of adult sponge tissue was squeezed through a fine cloth and cells 
(~107) were crosslinked in 2% formaldehyde for 5 min at room temperature (RT). Larvae 
(~350) were pooled, homogenized and crosslinked as above. A similar procedure was then 
adopted for both developmental stages. Specifically, crosslinking was quenched with 125 
mM glycine for 5 min at RT. Cells were washed twice in 0.22 µm filtered seawater and 
centrifuged at 500 g for 5 min. Pelleted cells were lysed in SDS Lysis buffer (10 mM EDTA, 
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50 mM Tris-HCl at pH 8.0, 1% SDS, plus protease and phosphatase inhibitors), incubated 
for at least 10 min on ice, and sonicated for 12 min (12 cycles, each one 30 sec “ON”, 30 
sec “OFF”) in a Bioruptor Sonicator (Diagenode, Seraing, Belgium) to generate 200-300 bp 
fragments. Optimal sonication conditions were previously determined by testing a range of 
sonication cycles (from 5 to 30); 12 cycles were deemed as optimal. Non-soluble material 
was removed from the lysate by centrifugation at 12,000 g for 10 min at 4°C. An aliquot of 
the soluble material was removed for input DNA and stored at -20°C. To reduce the SDS 
concentration to 0.1%, the remaining soluble material was diluted 10-fold in ChIP dilution 
buffer [1.2 mM EDTA, 16.7 mM Tris-HCl at pH 8.0, 167 mM NaCl, 1.1% Triton X-100, 0.01% 
SDS, plus PhosSTOP™ phosphatase inhibitor and cOmplete™ protease inhibitor cocktail 
(Roche, Basil, Switzerland)]. To reduce non-specific background, the diluted soluble 
material was pre-cleared with Dynabeads protein G beads (#10003D, ThermoFisher, 
Waltham, MA), and, at the same time, the antibodies were linked to Dynabeads protein G 
beads (#10003D, ThermoFisher) by rotating for one hour at 4°C. At this point, the pre-
cleared diluted soluble material was incubated with the antibody-bead mixtures, rotating at 
4°C overnight. Immunoprecipitated material was washed three times with Low Salt Wash 
Buffer (2 mM EDTA, 20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS), 
three times with High Salt Wash Buffer (2 mM EDTA, 20 mM Tris-HCl at pH 8.0, 500 mM 
NaCl, 1% Triton X-100, 0.1% SDS), three times with LiCl Wash Buffer (1 mM EDTA, 1 mM 
Tris-HCl at pH 8.0, 1% DOC, 1% NP-40, 250 mM LiCl), and three times with TE buffer (10 
mM Tris·Cl, pH 8.0; 1 mM EDTA). DNA complexes were eluted 30 min at 65°C with TE-SDS 
(10 mM Tris·Cl, pH 8.0; 1 mM EDTA; 1% SDS) and decrosslinked overnight at 65°C, along 
with input DNA, with the addition of 125 mM NaCl. Decrosslinked DNA complexes and input 
DNA were treated with RNaseA, and subsequently with proteinase K. Finally, 
immunoprecipitated and input DNA were purified with phenol:chloroform:isoamyl extraction 
(25:24:1), recovered by precipitation with ethanol in the presence of 300 mM NaOAc pH 5.2 
and 2 μl of glycogen carrier (10 mg/ml), and resuspended in UltraPure™ DNase/RNase-
Free Distilled Water (ThermoFisher) for later use. Libraries of immunoprecipitated DNA and 
input DNA were prepared using the NEBNext ChIP-seq Library Prep Master Mix Set for 
Illumina (#E6240, New England Biolabs, Ipswich, MA) according to the manufacturer’s 
protocol. The quality and profile of the libraries was analyzed using Agilent High Sensitivity 
DNA Kit (#5067-4626, Agilent, Santa Clara, CA) and quantified using KAPA Library 
Quantification Kit (#KK4824, Kapa Biosystems, Wilmington, MA). Deep sequencing (100 bp 
paired-end) of the adult libraries – two biological replicates for H3K4me3, H3K4me1, 
H3K36me3, H3K27me3, RNAPII, input DNA and no biological replicates for H3K27ac and 
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total histone H3 – was performed by the Macrogen Oceania NGS Unit on Illumina HiSeq 
2000 instrument (Illumina, San Diego, CA, United States). Deep sequencing (40 bp paired-
end) of the larva libraries – no biological replicates for H3K4me3, H3K4me1, H3K27me3, 
H3K27ac, RNAPII, input DNA – was performed by the Central Analytical Research facility 
(CARF), Brisbane, Queensland, Australia, on Illumina NextSeq 500 instrument (Illumina, 
San Diego, CA, United States). 
 
4.4.4 ChIP-quantitative PCRs (ChIP-qPCRs) 
 
ChIP-quantitative PCRs (ChIP-qPCRs) were performed using the LightCycler 480 
platform (Roche). ChIP (H3K4me1, H3K27ac, H3K4me3, H3K27me3) and Input DNA 
libraries were diluted in water, combined with LightCycler 480 SYBR green I master mix 
(04707516001 Roche) and 0.2 µM primers then cycled with the following profile: 95oC for 
10mins, 40 cycles of 95 oC for 10 sec, 60 oC for 10 sec, 72 oC for 20 sec. Primer sequences 
are available upon request.  
 
Quantification cycle (Cq) values were extrapolated from manufacturers software 
(version 1.5.1.6.1 SP2) using High Confidence settings. A melt curve and no template 
controls (ntc) were also run to ensure single amplicons were responsible for the fluorescent 
signal. The numerical value 3.32 (log210, representing 10% of input chromatin) was 
subtracted from the Cq value of the input sample to generate the adjusted input Cq. Two 
different intergenic regions not bound by our histone PTMs of interest were used as negative 
controls.  
 
Double delta (d) Cq analysis was computed. Specifically, the following formulas were 
used to calculate fold increase in signal over background:  
 
dCq_IP = Cq_IP - Cq_Intergenic  
dCq_Input = Cq_Input - Cq_intergenic 
ddCq = dCq_IP - dCq_Input 
Fold Change = 2^(-ddCq) 
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4.4.5 ChIP-seq data analyses  
 
Adult raw Illumina sequencing reads were checked using FastQC v0.52 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and quality filtered using 
Trimmomatic v1.0.0 (SLIDINGWINDOW: 4:15, LEADING: 3, TRAILING: 3, HEADCROP: 5, 
MINLEN: 50) (Bolger et al., 2014). Quality filtered paired-end Illumina sequencing reads 
were then aligned to the Amphimedon genome (Srivastava et al., 2010) using Bowtie v1.1.2 
(-m 1, -n 2, -X 500, --best) (uniquely mapped reads and maximum of 2 mismatches within 
the seed) (Langmead et al., 2009). Non-aligned reads were removed using SAMtools 
v0.1.19 (Li et al., 2009). For all the ChIP-seq data sets, strand cross-correlation measures 
were used to estimate signal-to-noise ratios using SPP v1.11.0. ChIP-seq data sets for each 
mark were flagged if the scores were below a normalized strand cross-correlation coefficient 
(NSC) threshold of 1.05, as described in the modENCODE and ENCODE guidelines 
(ENCODE Project Consortium, 2012; Kellis et al., 2014; Kharchenko et al., 2008; Landt et 
al., 2012). These analyses were performed on Galaxy-qld server (galaxy-
qld.genome.edu.au) developed within the GVL project (Afgan et al., 2016; Afgan et al., 2015) 
and maintained by the Research Computing Centre, University of Queensland, Australia.  
 
Pearson’s correlation coefficients (Pearson’s r) of genome-wide fold enrichment (FE) 
signals (see below) was computed for biological replicates and a minimum threshold of 0.5 
was required, as per Ho et al. (Ho et al., 2014). In addition, to ensure consistency between 
biological replicates, we further required an Irreproducible Discovery Rate (IDR) of at least 
0.5 (see below), as described in the modENCODE and ENCODE guidelines (ENCODE 
Project Consortium, 2012; Kellis et al., 2014; Kharchenko et al., 2008; Landt et al., 2012). 
ChIP-seq data sets that met these criteria were then merged across biological replicates 
(see Appendix C: Table S4.4).  
 
Histone PTM regions of enrichment relative to corresponding sequenced input DNA 
controls were determined using MACS2 v2.1.0 (Zhang et al., 2008) according to 
modENCODE, ENCODE and Roadmap Epigenomics consortiums guidelines (ENCODE 
Project Consortium, 2012; Kellis et al., 2014; Kundaje et al., 2015; Landt et al., 2012). 
Specifically, MACS2 was used in broadpeak mode with a broadpeak P-value threshold of 
0.1 and a narrowpeak threshold of 0.01 (-p 0.01, --broad, --nomodel, --extsize 146, -g 
1.45e8). Enriched regions were scored on individual replicates (R1 and R2), pooled data 
(reads pooled across biological replicates) (P) and on subsampled pseudoreplicates 
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(obtained by pooling reads from biological replicates and randomly subsampling, without 
replacement, two pseudoreplicates with half the total number of pooled reads) (PR1 and 
PR2). For each histone PTM, we defined “R” as the set of peaks in P that overlap peaks in 
R1 and R2, and “PR” as the set of peaks in P that overlap peaks in PR1 and PR2. Next, we 
defined “M” as the set of peaks that match exactly in R and PR, and “T” as the set of peaks 
that match exactly in R and PR as well as those that are unique to R or unique to PR. For a 
statement about reproducibility we required the M-to-T ratio to be at least 0.5 (Appendix C: 
Table S4.4). To obtain reliable regions of enrichment, we restricted all further analyses to 
enriched regions identified using pooled data that were also independently identified in both 
replicates and pseudoreplicates (the “M” set). These regions of enrichment can be 
interpreted as high confidence regions, representing reproducible events across true 
biological replicates. For H3K27ac, for which no replication was available, we used the P-
value column to rank peaks and only retained peaks with a P-value <0.001. We used the 
gappedPeak representation for the histone PTMs with relatively compact enrichment 
patterns, including H3K4me3, H3K27ac and H3K4me1. The gapped peaks are broad 
domains (passing P-value 0.1) that contain at least one narrow peak passing a P-value of 
0.01. For the diffused histone PTMs – H3K36me3 and H3K27me3 – we used the broadPeak 
representation. RNAPII peaks were detected using the peakzilla software (Bardet et al., 
2013), using input DNA reads as control (-c 1.5, –s 3). The fraction of reads falling within 
peak regions (FRiP) was also calculated (see Appendix C: Table S4.4). In line with ENCODE 
guidelines (ENCODE Project Consortium, 2012; Kellis et al., 2014; Kundaje et al., 2015; 
Landt et al., 2012), all our data sets have a FRiP enrichment of 1% or more. 
 
For every pair of aligned ChIP and matching input DNA data sets, we also used 
MACS2 (Zhang et al., 2008) to generate genome-wide signal coverage tracks for every 
position in the Amphimedon genome (Srivastava et al., 2010). Input DNA was used as a 
control for signal normalization for the histone ChIP-seq coverage. The three types of signal 
score statistics computed per base are as follows: (i) fold-enrichment ratio of ChIP-seq 
counts relative to expected background counts llocal (FE); (ii) negative log10 of the Poisson 
P-value of ChIP-seq counts relative to expected background counts llocal (ppois); and (iii) 
subtraction of noise from treatment sample (subtract).  
 
Larva ChIP-seq data sets were analysed as described above, with the following minor 
modifications. Adapter contamination prior to read quality filtering was removed using 
Cutadapt (Martin, 2011). Reads were then quality filtered using Trimmomatic v1.0.0 
  92 
(SLIDINGWINDOW: 4:15, LEADING: 3, TRAILING: 3, HEADCROP: 3, MINLEN: 20) (Bolger 
et al., 2014). Histone PTM and RNAPII regions of enrichment relative to sequenced input 
DNA controls were determined using MACS2 v2.1.0 (Zhang et al., 2008) in broadpeak mode 
with a broadpeak q-value threshold of 0.1 and a narrowpeak threshold of 0.05 (-q 0.05, --
broad, --nomodel, --extsize 146, -g 1.45e8).   
 
In both stages, chromatin states across the genome were defined using ChromHMM 
v1.10 (Ernst and Kellis, 2012), which is based on a multivariate Hidden Markov Model, using 
default parameters. For each ChIP-seq data set, read counts were computed in non-
overlapping 200 bp bins across the Amphimedon genome (Srivastava et al., 2010). Each 
bin was discretised into two levels, 1 indicating enrichment and 0 indicating no enrichment. 
The binarization was performed by comparing ChIP-seq read counts to corresponding input 
DNA control read counts within each bin and using a Poisson P-value threshold of 1e-4 (the 
default discretization threshold in ChromHMM). We trained several models in parallel mode 
with the number of states ranging from 5 states to 15 states and chose a 9-state model as 
the best model that captures all the key interactions between the chromatin marks and cover 
all possible genomic locations (promoter, enhancer, gene body) that we expected to resolve 
given the selection of histone PTMs we used (H3K4me3, H3K27ac, H3K36me3, H3K4me1, 
H3K27me3 in adult; and H3K4me3, H3K27ac, H3K4me1, H3K27me3 in larva). To assign 
biologically meaningful mnemonics to the nine states, ChromHMM was used to compute the 
overlap and neighborhood enrichments of each state relative to various types of functional 
annotations (Fig. 4.1B; Appendix C: Fig. S4.2-S4.4). State enrichment in different genomic 
features was calculated dividing the percentage of nucleotides occupied by a state in a 
particular genomic feature by the percentage of nucleotides that this genomic feature 
represents in the entire genome. For the overlap enrichment plots in the figures, the 
enrichments for each genomic feature (column) across all states is normalized by 
subtracting the minimum value from the column and then dividing by the max of the column. 
So, the values always range from 0 (white) to 1 (dark blue) (i.e., a column wise relative 
scale). For the neighborhood positional enrichment plots, the normalization is done across 
all columns (i.e., the minimum value over the entire matrix is subtracted from each value 
and divided by the maximum over the entire matrix). The functional annotations used were 
as follows: (1) CpG islands obtained using hidden Markov models as described in Wu et al. 
(Wu et al., 2010). (2) Exons, genes, introns, transcription start sites (TSSs) and transcription 
end sites (TESs), 200bp windows around TSSs and 200bp windows around TESs based on 
Aqu2.1 gene model annotations (Fernandez-Valverde et al., 2015). (3) Expressed and 
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repressed genes, their TSSs and TESs. Genes were classified into expressed (CEL-seq 
normalized counts >0.5) and repressed (CEL-seq normalized counts <0.5) class based on 
their CEL-seq expression levels in the relevant stage (larva or adult) (Anavy et al., 2014; 
Hashimshony et al., 2012; Levin et al., 2016).  
 
Regions of enrichment of the various histone H3 PTMs and RNAPII were overlapped 
with protein-coding genes and the Bioconductor R package GeneOverlap v1.14.0 
(https://www.bioconductor.org/packages/release/bioc/html/GeneOverlap.html) was used to 
test and visualise their association with lists of various gene expression groups (R Core 
Team, 2014) (Fig. 4.2B; Appendix C: Fig. S4.6B). Protein-coding genes were classified into 
‘high’, ‘mid’, ‘low’ and ‘non-expressed’ based on their CEL-seq expression levels in the 
relevant stage (larva or adult) (Anavy et al., 2014; Hashimshony et al., 2012; Levin et al., 
2016). Expressed genes were liberally defined as genes that had CEL-seq read counts >0 
in the relevant stage. Specifically, to define ‘high’, ‘medium’, ‘low’ expressed genes, all 
protein-coding genes expressed in the relevant stage were sorted based on CEL-seq data 
values and separated into three bins of an equal number of genes, similar to previous 
analyses (Schwaiger et al., 2014).  
 
Enhancer elements were predicted as reliable H3K4me1 regions of enrichment, 
which did not overlap TSSs (no intersection with 200 bp upstream or 200 bp downstream of 
the TSSs of protein-coding genes and lncRNAs), but overlapped with regions designated as 
being in an enhancer chromatin state (‘TxEnhA’ or ‘EnhWk’ or ‘EnhP’ state in adult; 
‘TxEnhA1’ or ‘TxEnhA2’ or ‘EnhWk’ or ‘EnhP’ state in larva) based on the ChromHMM 
analysis. The activated enhancer elements were predicted intersecting enhancer elements 
with H3K27ac significant peaks, requiring a 50% minimal overlap fraction. BEDTools v2.23.0 
(Quinlan and Hall, 2010) was used to calculate overlaps between regions of enrichment and 
chromatin states with the different genomic features, as well as to identify the nearest TSS 
for each of the activated enhancer elements.  
 
De novo motif enrichment analyses were performed using MEME-ChIP against 
JASPAR CORE and UniPROBE Mouse databases (-meme-minw 6, -meme-maxw 15, -
meme-nmotifs 20, -dreme-e 0.05, -meme-mod zoops) (Machanick and Bailey, 2011). Each 
motif was renamed according to their most similar motif in the TOMTOM database or 
literature, if any.  
 
  94 
Gene Ontology (GO) functional enrichment analyses were performed using the 
Cytoscape plugin BiNGO (Maere et al., 2005; Shannon et al., 2003) with custom annotation 
(Fernandez-Valverde, unpublished) and a FDR adjusted P-value cut-off of 0.01. All 
Amphimedon predicted peptides (Fernandez-Valverde et al., 2015) were annotated using 
BLASTp (Altschul et al., 1997) (E-value of 0.001) against the non-redundant (nr) NCBI 
protein database. All proteins were also searched for protein motifs and signal peptides 
using InterProScan 5 (Jones et al., 2014) with default parameters. KEGG pathway 
annotations were obtained on the webserver BlastKOALA for the taxonomic group “Animals” 
against the “family_eukaryotes + genus_prokaryotes” database file, using default settings. 
Pathway analyses were performed by William Hatleberg with the BlastKOALA annotation 
files using the KEGG Mapper – Reconstruct pathway tool (Kanehisa et al., 2016).  
 
Transcription Start Site (TSS) input DNA-normalised coverage profiles and heatmaps 
were calculated using ngs.plot v2.61 (Shen et al., 2014) and deepTools v2.4.1 (Ramírez et 
al., 2014). As above, protein-coding genes were classified into ‘high’, ‘mid’, ‘low’ and ‘non-
expressed’ based on their CEL-seq expression levels in the relevant stage (larva or adult) 
(Anavy et al., 2014; Hashimshony et al., 2012; Levin et al., 2016). Expressed genes were 
liberally defined as genes that had CEL-seq read counts >0 in the relevant stage. 
Specifically, to define ‘high’, ‘medium’, ‘low’ expressed genes, protein-coding genes 
expressed in the relevant stage were sorted based on CEL-seq data values and separated 
into three bins of an equal number of genes, similar to previous analyses (Schwaiger et al., 
2014). 
Only lincRNAs found in scaffolds larger than 10 kb were used for all the analyses 
and, given the compact genome of Amphimedon (Fernandez-Valverde and Degnan, 2016), 
all the TSS analyses were restricted to non-overlapping protein-coding genes with an 
intergenic distance >1 kb that were found in scaffolds larger than 10 kb.  
 
All genome browser figures were generated using a local instance of the UCSC 
genome browser (Kuhn et al., 2013). 
 
4.4.6 High- and low-variance genes in Amphimedon 
 
CEL-seq raw reads were processed and mapped back to the Amphimedon genome 
using Bowtie (Langmead et al., 2009). We then compressed the 82 Amphimedon 
developmental samples, from early cleavage to adult, into 17 stages averaging the biological 
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replicates for each developmental stage across them. Larval stages have been combined 
in two different groups (Larvae 0–7 h and Larvae 6–50 h), as these developmental time 
points only have one replicate per time point. To reduce noise, the protein-coding genes and 
long non-coding RNAs with an overall expression of less than 100 CEL-seq raw counts 
throughout the whole developmental time course were discarded. The CEL-seq raw gene 
counts were then normalized using variance stabilizing transformation in DEseq2 1.6.3 
(Love et al., 2014) and the 15,000 most variable genes (14,698 protein coding genes + 301 
lncRNAs) were extracted using median absolute deviation. The 14,698 protein-coding 
genes were then filtered to retain only non-overlapping protein-coding genes with detectable 
expression at adult stage (CEL-seq normalized counts >0) with an intergenic distance >1 kb 
that were found in scaffolds larger than 10 kb. This resulted in a total number of 3,200 ‘high-
variance’ genes. The remaining expressed (CEL-seq normalized counts >0 in adult) non-
overlapping protein-coding genes with an intergenic distance >1 kb that were found in 
scaffolds larger than 10 kb were considered ‘low-variance’ genes (n =3,999). To define low, 
medium and high, the 3,200 high-variance genes and 3,999 low-variance genes were sorted 
based on CEL-seq data values and separated into three bins of an equal number of genes. 
 
4.4.7 Regulated and stable genes in Amphimedon 
 
CEL-seq raw reads were processed and mapped back to the Amphimedon genome 
using Bowtie (Langmead et al., 2009). Read counts were normalized by dividing by the total 
number of counted reads and multiplying by 106. We then compressed the 82 Amphimedon 
developmental samples, from early cleavage to adult, into 17 stages averaging the biological 
replicates for each developmental stage across them. Larval stages have been combined 
in two different groups (Larvae 0–7 h and Larvae 6–50 h), as these developmental time 
points only have one replicate per time point. To reduce noise, only the protein-coding genes 
with an expression of at least four CEL-seq normalised counts in at least two developmental 
time points were retained. To define the transcriptional stability of protein-coding genes, the 
coefficient of variation of gene expression was calculated for each protein-coding gene (n 
=15,146), as reported by Perez-Lluch et al. (Perez-Lluch et al., 2015). For the TSS input 
DNA-normalised coverage plots, these 15,146 protein-coding genes were then filtered to 
retain only expressed (CEL-seq normalized counts >0 in the relevant stage (larva or adult)) 
non-overlapping protein-coding genes with an intergenic distance >1 kb that were found in 
scaffolds larger than 10 kb. Finally, from the full ranking of these expressed protein-coding 
genes, we defined the bottom 1,000 genes with the lowest variation in expression during 
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development as ‘stable’ genes and the top 1,000 genes with the highest variation in 
expression as strongly developmentally ‘regulated’ genes.  
4.4.8 Regulated and stable genes in Nematostella vectensis 
 
Available ChIP-seq data sets on adult female polyps for H3K4me3 and corresponding 
input DNA controls were used (Schwaiger et al., 2014). Aligned ChIP and matching input 
DNA data sets and developmentally stable and regulated genes were generated using the 
same procedures as in the sponge (see above). To obtain gene and transcript 
quantifications, we mapped available RNA-seq data sets (Helm et al., 2013) to 
NveGenes2.0 gene models (http://www.cnidariangenomes.org/) using kallisto (Bray et al., 
2016).  
 
4.4.9 Orthologous identification and phylogeny 
 
Orthologous of Drosophila PcG components and associated factors were identified 
using BLASTp (Altschul et al., 1997) searches against the predicted proteomes of the 
selected species (Appendix C: Table S4.8) with a threshold E-value of 0.001 and taking a 
maximum of 5 hits per species. All the obtained protein hits were aligned using MAFFT with 
L-INS-i mode (Katoh and Standley, 2013). The alignments were automatically trimmed with 
trimAl v1.4 (Capella-Gutiérrez et al., 2009) in -automated1 mode. Resulting trimmed 
alignments were then used for phylogenetic inference using FastTree2 (Price et al., 2010) 
with -wag -cat 8 -gamma parameters. The phylogenetic trees were inspected manually to 
discriminate which BLASTp hits formed monophyletic clades with the Drosophila query 
sequences. The same methodology was used to identify the conserved ancestral 
microsyntenic pairs taken from Irimia et al. (Irimia et al., 2012), but using Homo sapiens 
sequences as query proteins. The phylogeny-validated Amphimedon ortholog pairs were 
manually checked for contiguity in the genome and those found in different scaffolds or with 
more than two intervening genes were removed.  
 
4.4.10 Data access 
 
 Amphimedon ChIP-seq data sets have been deposited to the NCBI Gene Expression 
Omnibus (GEO) (Edgar et al., 2002) under accession number GSE79645. A.  queenslandica 
genome assembly ampQue1 was used throughout the study. CEL-seq data sets can be 
obtained from NCBI GEO (GSE54364) (Anavy et al., 2014). Amphimedon RNA-seq data 
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sets can be downloaded at NCBI's SRA with accession SRP044247 (Fernandez-Valverde 
et al., 2015). Nematostella vectensis RNA-seq data sets can be downloaded at NCBI's SRA 
with accession SRP018739 (Helm et al., 2013). N. vectensis ChIP-seq data sets can be 
obtained from NCBI GEO (GSE46488) (Schwaiger et al., 2014). We used the following gene 
model data sets for all analyses. A. queenslandica: Aqu2.1 models 
(http://amphimedon.qcloud.qcif.edu.au/) (last accessed February 2017) (Fernandez-
Valverde et al., 2015), lncRNAs (http://amphimedon.qcloud.qcif.edu.au/lncRNAs/) (last 
accessed February 2017) (Gaiti et al., 2015); N. vectensis: NveGenes2.0 models 
(http://www.cnidariangenomes.org/). 
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Chapter 5 – General Discussion 
 
5.1 Long non-coding RNAs as regulatory elements of metazoan development 
  
Developmental regulation of gene expression is ubiquitous in the animal kingdom. 
NGS-based approaches have unveiled a plethora of novel regulatory molecules, including 
long non-coding RNAs (lncRNAs) – RNA molecules that do not encode for proteins (see 
Chapter 1.2). Although significant progress has been made in elucidating the roles of these 
lncRNAs in metazoan development, their origin and evolution remain unclear.  
 
In this thesis, by undertaking the first in-depth characterization of lncRNAs (Chapter 
2) in one of the simplest multicellular metazoans, the demosponge Amphimedon 
queenslandica, I have provided new insights into their contribution to the evolution of 
metazoan multicellularity and complexity (Gaiti et al., 2015). These findings, alongside with 
recent annotations of developmental lncRNAs in another sponge species – the calcisponge 
Sycon ciliatum (Bråte et al., 2015) – indicate that lncRNAs are an ancient feature of the 
metazoan regulatory system. The striking similarities in bilaterian lncRNA features (e.g., 
dynamic developmental expression, high temporal and spatial specificity, association with 
transcriptionally active chromatin) now extends to early-branching non-bilaterian 
metazoans. Thus, the role of lncRNAs in the regulation of developmental gene activity 
appears to be a widespread feature of metazoans, and likely to have been present in the 
last common metazoan ancestor. 
 
Although it is now evident that lncRNAs play a role as regulators of gene activity 
during differentiation and development in metazoans, regardless of their level of 
morphological complexity, it still remains unclear if developmental lncRNAs are conserved 
or independently-evolved. In an attempt to address this question (Chapter 3), I have shown 
that sponge lncRNAs appear to be integral components of evolutionarily co-expressed 
developmental gene modules, despite their lack of apparent sequence conservation.  
 
Whether these lncRNAs are homologous to those in other animals still awaits the 
generation of lncRNA catalogues in other early-branching non-bilaterian lineages at the 
base of the animal kingdom, including ctenophores and placozoans, and the improvement 
of comparative and computational approaches that integrate sequence, structural, and 
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functional datasets (Ulitsky, 2016). Such datasets are essential for tackling the multitude of 
questions about the extent, nature, and functions of lncRNAs, and will allow further analyses 
and understanding of lncRNAs in conserved gene regulatory networks, despite the lack of 
sequence conservation. 
 
5.2 Premetazoan origin of lncRNA regulation: A perspective from unicellular 
holozoans 
 
The recent discoveries of lncRNAs in unicellular holozoan lineages closely related to 
metazoans have generated additional uncertainty about the evolutionary origin of lncRNAs, 
and suggest that elaborate lncRNA-based genome regulation is not exclusive to metazoans 
and instead is an ancient feature of the holozoan regulatory system. While lncRNAs appear 
to be expanded in multicellular animals (Bråte et al., 2015; Gaiti et al., 2015; Kapusta and 
Feschotte, 2014; Ulitsky and Bartel, 2013), several hundred lncRNAs have now been 
annotated in the filasterean Capsaspora owczarzaki and the ichthyosporean Creolimax 
fragrantissima (632 and 692, respectively) (de Mendoza et al., 2015; Sebé-Pedrós et al., 
2016). These show both similarities and differences with metazoans lncRNAs.  
 
Capsaspora has a repertoire of polyadenylated and, in some cases, alternatively 
spliced lncRNAs. These lncRNAs, despite showing no apparent homology with any known 
metazoan lncRNA, have temporally dynamic and cell-stage-specific expression patterns, 
and can be separated into two populations based on their association with specific histone 
PTMs at their promoters [a high ratio of histone H3 lysine 4 monomethylation (H3K4me1) 
compared to trimethylation (H3K4me3) and vice versa], similar to those found in 
Amphimedon (Chapter 4) and bilaterians (Marques et al., 2013). These two populations 
might represent distinct conserved classes of polyadenylated lncRNA elements with diverse 
biological functions and, thus, may indicate that the last common ancestor of metazoans 
and these unicellular holozoans had more complex non-coding RNA regulatory capacities 
than previously thought. Contrarily, despite some global similarities to animal lncRNA 
regulation, the population of lncRNAs described in Creolimax, which represents a lineage 
that diverged before filasterean Capsaspora separated from the stem leading to animals, 
does not show a major enrichment near developmental genes nor extensive stage-specific 
expression, both hallmarks of animal lncRNAs (Gaiti et al., 2015; Ulitsky and Bartel, 2013). 
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Nonetheless, the presence of hundreds of lncRNAs in unicellular holozoans in consistent 
with this class of ncRNAs antedating the origin of animal multicellularity and development.  
 
5.3 Distal enhancers appear to be a metazoan innovation 
 
Analysis of non-coding regulatory DNA and histone post-translational modifications 
(PTMs) have revealed that some cis-regulatory mechanisms, such as those associated with 
proximal promoters, are present in non-animal holozoans while others appear to be 
metazoan innovations, most notably distal enhancers (Schwaiger et al., 2014; Sebé-Pedrós 
et al., 2016). In Chapter 4, I have shown that combinatorial patterns of histone post-
translational modifications (PTMs) that are central to gene regulation in morphologically-
complex bilaterians and cnidarians (Schwaiger et al., 2014) are present in Amphimedon. 
The identification of putative enhancers in Amphimedon based on these histone PTM co-
localization patterns is consistent with these elements evolving along the metazoan stem at 
the transition to multicellularity. Interestingly, promoter DNA regulatory elements to allow for 
context- and cell type-specific gene expression also appeared to evolve in stem metazoans 
after diverging from the filasterean lineage (Fernandez-Valverde and Degnan, 2016), 
suggesting these are also a critical component of the metazoan cis-regulatory landscape 
(Fig. 5.1A).  
 
Perhaps not surprisingly, the emergence of distal enhancers prior to metazoan 
cladogenesis could then explain the pervasiveness of conserved syntenic blocks in animal 
genomes and the absence of these blocks in their unicellular relatives (Bulger and Groudine, 
2011; Duan et al., 2010; Irimia et al., 2013; Irimia et al., 2012; Putnam et al., 2007; Sebé-
Pedrós et al., 2016; Srivastava et al., 2010). Distal enhancers are enriched in metazoan 
microsyntenic blocks, which have been conserved over 700 million years of evolution, 
suggesting that their genomic co-location with syntenic genes is evolutionarily constrained 
and extremely ancient (Irimia et al., 2013; Irimia et al., 2012). Around 70% of evolutionary 
conserved microsyntenies shared between Amphimedon and bilaterians contain chromatin 
state-predicted enhancers, well above what is expected by chance alone (Chapter 4). For 
instance, the Islet LIM homeobox gene (Isl), which plays conserved roles in animal 
development (Liang et al., 2011; Thor and Thomas, 1997), and Scaper (S-phase cyclin A-
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associated protein in the ER) form an ancient microsyntenic unit that possesses distal 
enhancers in their introns in Amphimedon and bilaterians (Irimia et al., 2012) (Chapter 4).  
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Figure 5.1 Distal enhancers may be a metazoan innovation. 
(A) A schematic representation of the presence or absence of distal enhancers in Capsaspora, 
Amphimedon, Nematostella, and bilaterians, together with the presence or absence of the typical 
chromatin signatures associated with animal enhancers [the transcriptional cofactor p300, histone 3 
lysine 4 monomethylation (H3K4me1), histone 3 lysine 27 acetylation (H3K27ac), and ATAC site]. 
Adapted from (Sebé-Pedrós et al., 2016). (B) Regulatory elements, including enhancers and 
promoters, are engaged in multiple long-range interactions with many other regions through a looping 
mechanism, in which the transcriptional machinery is loaded at the enhancers and then reaches the 
promoter due to a physical interaction, facilitated by CTCF and cohesin (Li et al., 2016). All 
chromatin interactions are created and maintained in a hierarchy of 3D chromatin architectures, 
including topologically associated domains (TADs) (Pombo and Dillon, 2015). The mechanism of 
enhancer-promoter interaction in non-bilaterian animals lacking the architectural protein CTCF is 
unknown (Heger et al., 2012).  
 
The mode of action of distal enhancers in non-bilaterians is currently unknown (Fig. 
5.1B). Regulatory information is precisely organized in the three-dimensional chromatin and 
further compartmentalized into smaller topologically associated domains (TADs), restricting 
cis-regulatory sequences to their target genes (Denker and de Laat, 2016; Dixon et al., 
2016). Interestingly, the cohesion-CTCF system appears to be restricted to bilaterians 
(Heger et al., 2012). CTCF-binding sites within TADs facilitate enhancer–promoter long-
range interactions through the recruitment of cohesin, that are jointly involved in higher-
order chromatin structure in bilaterians (Lee and Iyer, 2012; Merkenschlager and Odom, 
2013; Seitan et al., 2013; Vietri Rudan et al., 2015). Chromatin looping of distal enhancers 
to their target promoters in non-bilaterian animals might therefore occur through a CTCF-
independent cohesin binding mechanism (Schwaiger et al., 2014; Technau and Schwaiger, 
2015) (Chapter 4). Alternatively, but not exclusively, RNA polymerase II and its associated 
transcriptional machinery may track through the intervening DNA between enhancers and 
promoters, and may be the mechanism of enhancer-promoter interactions in non-bilaterian 
animals (Li et al., 2016). The co-occupancy of distal enhancers and RNA polymerase II in 
both Amphimedon (Chapter 4) and cnidarians (Schwaiger et al., 2014; Technau and 
Schwaiger, 2015) supports this mechanism of transcriptional activation.  
 
Future studies of the 3D genome architecture will be crucial in elucidating the 
mechanism of enhancer-promoter interaction in Amphimedon and other early-branching 
non-bilaterian animals lacking this architectural protein.  
  103 
5.4 Concluding remarks  
 
In summary, the non-coding portion of the genome appears to house much of the 
regulatory information underpinning cell-type and developmental gene expression. Taken 
together, most bilaterian non-coding regulatory mechanisms appear to have originated 
before the diversification of crown metazoans. However, the differential expansion of non-
coding RNA and cis-regulatory DNA repertoires in bilaterians may account for their 
increased regulatory and morphological complexity relative to non-bilaterians.  
 
Figure 5.2 Comparison of major non-coding regulatory systems in metazoans and their 
unicellular relatives. 
Cladogram representing known phylogenetic relationships between animals and their unicellular 
cousins. The presence or absence of the major classes of small RNAs (miRNAs, siRNAs, piRNAs) 
along with lncRNAs, circRNAs, distal enhancers and the architectural protein CTCF, is indicated. 
Check mark and dash symbols indicate the presence or absence of the components in these taxa, 
respectively. Circle indicates the information is not available at the time of writing. Yellow 
background highlights the animal kingdom. aEvidence for putative bona fide miRNAs and the 
presence of the miRNA-processing pathway components (i.e., Drosha and Pasha) have been recently 
reported in the ichthyosporean Sphaeroforma arctica (Brate et al., 2016). bWhile siRNAs have been 
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lost in S. cerevisiae, they are present in other yeast species, including S. pombe (Drinnenberg et al., 
2009). cCTCF is present in nematodes, but secondarily lost in C. elegans (Heger et al., 2009). 
 
Specifically, in addition to an expansion of transcription factor and lncRNA repertoires 
before the emergence of crown metazoans, there appears to have been fundamental 
changes in the non-coding regulatory architecture of the genome, including the origin and/or 
expansion of miRNAs, piRNAs, distal enhancers and promoter types for cell-type-specificity 
and developmental regulation (Fig. 5.2).  
 
These innovations appear to have contributed an increase in the capacity to regulate 
spatial and temporal gene expression, which is necessary for complex multicellularity. The 
further expansion of these systems in eumetazoans and bilaterians is consistent with an 
evolutionary scenario in which quantitative rather than qualitative differences in regulatory 
mechanisms underpin the evolution and diversification of eumetazoan body plans (Fig. 5.3).  
 
While the field has made outstanding progress towards our understanding of the 
molecular basis underlying the evolution of metazoan multicellularity and body plan 
complexity, this is just the tip of the iceberg. Future comprehensive analyses of gene 
regulation in other unicellular holozoans and deep-branching metazoan phyla, together with 
the study of the three-dimensional genomic architecture of these taxa, will be crucial to 
further delineate the origin and evolution of the animal non-coding regulatory genome.  
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Figure 5.3 Major steps in the evolution of the metazoan regulatory genome. 
The phylogenetic relationship of representative animal lineages and unicellular holozoans is shown. 
Highlighted are the major genomic innovations that correlate with the emergence and early 
diversification of animals. Some components of the metazoan regulatory landscape may predate the 
split of the metazoan and holozoan lineages, including a subset of core TF-TF regulatory interactions 
and lncRNAs. While the latter have been recently identified in unicellular relatives of animals, the 
evolutionary origin of lncRNAs as a group is still unclear. With a complex gene regulatory landscape 
already in place at the dawn of animals, the expansion of TFs and signaling pathways components, 
cis-regulatory DNA and non-coding RNAs, appear to underlie the morphological and functional 
diversification of eumetazoan animals. In bilaterians, the emergence of the architectural protein 
CTCF further allows more complex enhancer-promoter interactions. aEvidence for putative bona fide 
miRNAs and the presence of the miRNA-processing pathway components (i.e., Drosha and Pasha) 
have been recently reported in the ichthyosporean Sphaeroforma arctica (Brate et al., 2016). 
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